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ABSTRACT 
Andrew G. Walden: Oxidative Electrochemistry of Molecular Catalysts 
(Under the direction of Alexander J. M. Miller) 
 
The tris(2-pyridyl)phosphine oxide (Py3PO) complex [Ru(Py3PO)(bpy)(OH2)]2+ (bpy 
is 2,2'-bipyridine) is a pH-dependent water oxidation electrocatalyst that accelerates 
dramatically with increasing pH — up to 780 s−1 at pH 10 (~1 V overpotential). Despite 
retaining the pentakis(pyridine) ligand arrangement common to previously reported catalysts, 
the tripodal Py3PO ligand framework supports much faster electrocatalysis. The early stages 
of the catalytic cycle are proposed to follow the typical pattern of single-site ruthenium 
catalysts, with two sequential 1H+/1e– proton-coupled electron transfer (PCET) oxidations, 
but the pH-dependent onset of catalysis and rapid rates are distinguishing features of the 
present system.  
With a view towards replacing sacrificial hydrogen acceptors in alkane 
dehydrogenation catalysis, electrochemical methods for oxidative activation of a pincer-
ligated iridium hydride intermediate were explored. A 1H+/2e– oxidation process was 
observed in THF solvent, with net hydride loss leading to a reactive cationic intermediate 
that can be trapped by chloride. Analogous reactivity was observed with the concerted 
hydride transfer reagent Ph3C+, and with chemical oxidants and bases, connecting chemical 
and electrochemical hydride loss pathways.  
 iv 
Coordination by pyridine was shown to stabilize the cationic hydride intermediate 
generated from 1H+/2e– oxidation of iridium hydrides complexes.  A series of cationic 
hydride complexes incorporating pyridine, 2,6-lutidine, 2-ethylpyridine, or 2-phenylpyridine 
was synthesized and characterized.  The deprotonation of these cationic hydrides resulted in 
solvent activation reactions as well as formation of cyclometallated derivatives of 2-
phenylpyridine and added biphenyl.  Activation of strong C-H bonds upon deprotonation 
strongly suggests the generation of the 14e– Ir(I) species that is implicated in alkane 
dehydrogenation mechanisms.  This reactivity coupled with dihydride oxidation at an 
electrode represents net removal of 2H+/2e– from an iridium dihydride complex, an important 
step toward realizing electrochemical alkane dehydrogenation cycles.  
 
 
  
 v 
 
ACKNOWLEDGEMENTS 
 I would first like to thank Professor Alex Miller, who has been a supportive and 
encouraging boss.  I would also like to thank my labmates in the Miller Group.  Thank you 
all for making the Miller Lab a great place to be.  
 Thank you to my many collaborators in both the Solar Fuels EFRC at UNC and as 
part of CENTC.  Particular thanks to Professor Alan Goldman, Akashi Kumar, Nick Lease, 
and Andrea Casuras.  Also thank you to Dr. Peter White for your help with crystallography.  
 Thank you to Joe Templeton and Maurice Brookhart for your guidance during my 
time at UNC.  To Simon Meek and Frank Leibfarth thank you for serving on my defense 
committee.  
 
 
 
 
 
 
 
 vi 
 
TABLE OF CONTENTS 
 
LIST OF TABLES………………………………………………………………..…………..ix 
LIST OF FIGURES…………………………………………………….……………………..x 
LIST OF SCHEMES………………………………………………………………………..xiv 
LIST OF ABBREVIATIONS AND SYMBOLS…………………………………………...xvi 
CHAPTER 1: Introduction ……...............................................................................................1 
 
 1.1 Catalysis and Electrochemical Method……………………………………………1 
 1.2 Water Oxidation..………………………………………………………………….5 
 1.3 Electrochemical Alkane Dehydrogenation..……………………………..………12 
 1.4 References………..……………………………………………………………....17 
CHAPTER 2: Rapid Water Oxidation Electrocatalysis by a Ruthenium Complex of the 
Tripodal Ligand Tris(2-pyridyl)phosphine Oxide…………………………………………...20 
 
 2.1 Introduction………………………………………………………………………20 
 2.2 Synthesis of Py3PO Ligand and Ruthenium Complexes………………………...22 
 2.3 Electrochemical Characterization..………………………………………………25 
 2.4 Electrocatalysis at pH 7……...…………………………………………………..33 
 2.5 pH Dependent Electrocatalysis…….…………………………………………….40 
 vii 
 2.6 Electrokinetic Analysis…………………………………………………………..47 
2.7 Hydrogen Peroxide as an Intermediate Toward Water Oxidation……...………..56 
 2.8 Experimental……………………………………………………………………..62 
2.9 References………………………………………………………………………..78 
CHAPTER 3: Electrochemical and Chemical Routes to Hydride Loss from an  
Iridium Dihydride……………………...…………………………………………………….82 
 
 3.1 Introduction……………………………………………………………………....82 
 3.2 Electrochemical Oxidation of Iridium Dihydride Species.………………………85 
 3.3 Identifying the Oxidation Product……...………………………………………..87 
 3.4 Stoichiometric Reactions………...………………………………………………89 
 3.5 Chemical and Electrochemical Reactivity……….………………………………91 
 3.6 Experimental Details……………….…………………………………...….….....93 
 3.7 References……………………………………………………………..…………99 
CHAPTER 4: Synthesis and Reactivity of Cationic Hydride Speceis….…..……………...101 
 
 4.1 Introduction……………………………………………………………………..101 
 4.2 Trapping Cationic Hydride Species with Pyridine Bases………………............103 
 4.3 Synthesis of Cationic Hydride Intermediates……………………..……………106 
 4.4 Deprotonation of Cationic Hydride Pyridine Complexes………………………113 
 4.5 Conclusions…………………………………………………………......….…...118 
 viii 
 4.6 Experimental Details……………………………………………………………119 
4.7 References………………………………………………………………………147 
 
 ix 
LIST OF TABLES 
 
Table 2.1. Values of kobs determined from ic/ip method at pH 10.…………………………..52 
Table 2.2. Catalytic rate constants for [Ru(tpy)(bpy)(OH2)]2+ 4…...…..……………………52 
Table 4.1. Crystal Data for 3…..…………………………………………………………...132 
Table 4.2. Bond Lengths for 3………………………………………………………….…..133 
Table 4.3. Bond Angles for 3…………………………..…………………………………..134 
Table 4.4. Crystal Data for 4……………………………………………………………….137 
Table 4.5. Bond Lengths for 4………………………………………………………….…..138 
Table 4.6. Bond Angles for 4…………………………..…………………..………………139 
Table 4.7. Crystal Data for 6…..…………………………………………………………...142 
Table 4.8. Bond Lengths for 6…………….....………..……...…………………...………..143 
Table 4.9. Bond Angles for 6…………………………………………………………..…..144 
 x 
LIST OF FIGURES 
 
Figure 2.1. Structural representation of 2 from XRD.………………………………............24 
 
Figure 2.2. CV of 2 in CH3CN…….…………………………………………........………...25 
 
Figure 2.3. CV of 3 at various pH in H2O…….……………………………………………..27 
 
Figure 2.4. CPE of 3 at 1.09 V vs. NHE…………………………………….………………28  
 
Figure 2.5. UV-vis trace (absorbance normalized) of 3……………………………………..28 
 
Figure 2.6. Differential pulse voltammograms from pH 7 to pH 10 (A) and 
resulting Pourbaix diagram (B) of 3.…………………………………………...……………29 
 
Figure 2.7. UV-vis spectra of [Ru(κ -3-Py3PO)(bpy)OH2]2+ (3) at different pH values…….31 
 
Figure 2.8. CV traces of 3 at a range of pH values.…………………………………………32 
 
Figure 2.9. CV of [Ru(Py3PO)(bpy)(OH2)]2+ (3) swept anodically to  
1.95 V (red) and 1.2 V (blue) vs. NHE…………………………………...………………….33 
 
Figure 2.10. A: Controlled potential electrolysis (CPE) of solutions containing 
3 (red) and without catalyst (black) at 1.8 V vs. NHE. B: Headspace O2 
fluorescence detection during CPE of solutions containing 3 (red) and 
without catalyst (black).………………...……………………………………………………35 
 
Figure 2.11. UV-vis spectra before and after controlled potential oxidative 
electrolysis, followed by reductive electrolysis……………………………………………...37 
 
Figure 2.12. Controlled potential electrolysis of 0.45 mM 3 at 1.8 V (red), 
followed by replacement of the ITO electrode with a fresh electrode and 
repeated electrolysis (blue)…………………………………………………….………….....38 
 
Figure 2.13. Oxygen percentages measured during controlled potential 
electrolysis of 0.45 mM 3 at 1.8 V (red), followed by replacement of the ITO 
electrode with a fresh electrode and repeated electrolysis (blue)…………………….……...38 
 
Figure 2.14. Controlled potential electrolysis of 3 at 1.8 V……………………………........39 
 
Figure 2.15. CV of 0.25 mM [Ru(Py3PO)(bpy)(OH2)]2+ at pH 7.00 (red), 7.35 
(yellow), 7.95 (green), 8.30 (teal), 9.32 (blue), and 9.77 (purple) at 100 mVs−1.….………..40 
 
Figure 2.16. Plot of potential required to achieve 45 µA current vs. pH.…………………...41 
 
 xi 
Figure 2.17. CV of [Ru(Py3PO)(bpy)(OH2)]2+ (blue) and 
[Ru(tpy)(bpy)(OH2)]2+ (red) at 500 mVs−1………………………………….……………….42 
 
Figure 2.18. CV without background correction (A) of 0.48 mM 3 (red), 0.26 
mM (green), 0.18 mM 3 (blue), and 0.13 mM 3 (pink), and in the absence of 
catalyst (black); and plot of ic vs. concentration of catalyst (B) at 1.71 V vs. 
NHE (background corrected).……………………………………...………………………...44 
 
Figure 2.19. CV of 3 in 0.5 M NaOTf with added phosphate buffer (pH 6.8).…….……….45 
 
Figure 2.20. Current at 1.71 V vs. NHE plotted against phosphate concentration……….....45 
 
Figure 2.21 (A) CV of 0.26 mM 3 as a function of scan rate, as indicated in 
the plot; (B) ic (at 1.71 V vs. NHE) vs. scan rate with 0.13 mM 3 (filled red 
circles), 0.18 mM 3 (empty green squares), 0.26 mM 3 (filled blue triangles), 
and 0.48 mM 3 (empty purple diamonds); (C) ic (at 1.56 V vs. NHE) vs. scan 
rate with 0.13 mM 3 (filled red circles), 0.18 mM 3 (empty green squares), 
0.26 mM 3 (filled blue triangles), and 0.48 mM 3 (empty purple diamonds).…………...….49 
 
Figure 2.22. (A) CV of 0.5 mM [Ru(tpy)(bpy)(OH2)]2+ (4) at 250 mV/s; (B) 
plot of ic (at 1.71 V vs. NHE) vs. scan rate………………………………………………….50 
 
Figure 2.23. Example CV showing baseline method used to determine ic………………….53 
 
Figure 2.24. Simulated catalytic response for an electrocatalytic oxidation 
with kcat = 1000 s–1.…………………………….…………………………………………….55 
 
Figure 2.25. Bulk electrolysis solution before and after catalysts followed by 
reduction to regenerate aquo complex (3).………………………………………...………...57 
 
Figure 2.26. Kinetics of Reduction in Air…………………………….……………………..58 
 
Figure 2.27. Addition of Hydrogen Peroxide to Oxidized Solution………….……………..58 
 
Figure 2.28. 2.28 Hydrogen Peroxide Test Calibration……………………………………..59 
 
Figure 2.29. Chemical Test for Hydrogen Peroxide Following Electrolysi.………………..60 
 
Figure 2.30. Control of Chemical Test with Ru(II) Species………………….……………..60 
 
Figure 2.31. 1H NMR spectrum of [Ru(κ2-Py3PO)(η6-C6H6)(Cl)][PF6] (1) in CD3CN…......64 
 
Figure 3.32. 13C{1H} NMR spectrum of [Ru(κ2-Py3PO)(η6-C6H6)(Cl)][PF6] (1) in CD3CN.64 
 
Figure 3.3. 31P{1H} NMR spectrum of [Ru(κ2-Py3PO)(η6-C6H6)(Cl)][PF6] (1) in CD3CN...65 
 
 xii 
Figure 2.34. 1H NMR spectrum of [Ru(κ3-Py3PO)(bpy)(Cl)][PF6] (2) in 
CD2Cl2/CD3OD. ………………………………………………………………………......…66 
 
Figure 2.35. 13C{1H} NMR spectrum of [Ru(κ3-Py3PO)(bpy)(Cl)][PF6] (2) in 
CD2Cl2/CD3OD. ……………………………………………………………………………..67 
 
Figure 2.36. 31P{1H} NMR spectrum of [Ru(κ3-Py3PO)(bpy)(Cl)][PF6] (2) in 
CD2Cl2/CD3OD. ……………………………………………………………………………..67 
 
Figure 2.37. UV-vis spectrum of  [Ru(κ3-Py3PO)(bpy)(Cl)][PF6]..………………………...68 
 
Figure 2.38. 1H NMR spectrum of [Ru(κ3-Py3PO)(bpy)(H2O)]2+ (3) in D2O……….….…..69 
 
Figure 2.39. 13C{1H} NMR spectrum of [Ru(κ3-Py3PO)(bpy)(H2O)]2+ (3) in D2O ...……...70 
 
Figure 2.40 31P{1H} NMR spectrum of [Ru(κ3-Py3PO)(bpy)(H2O)]2+ (3) in D2O……….....70 
 
Figure 2.41. UV-vis spectrum of  [Ru(κ3-Py3PO)(bpy)(H2O)]2+..……………….………….71 
 
Figure 2.42. Structure of 2 with atom labels………..……………………………………….73 
 
Figure 3.1.  Cyclic voltammetry of 2.………….…………………………………….……...85 
 
Figure 3.2. Photograph of the Experimental Setup for Bulk Electrolysis…………………...94 
 
Figure 3.3. 31P{1H} NMR spectra of an equilibrium mixture of 2 and 3 before 
electrolysis (top blue trace) containing <5% of a small impurity, the reaction 
mixture following electrolysis (middle red trace), and the product distribution after 
removal of [Bu4N][PF6] electrolyte showing high yield of complex 1 (bottom red trace)…. 95 
 
Figure 3.4. Voltammogram of (tBu4PCP)Ir(H)2 (2) under argon according to 
the general procedure…………………………………………………………………….…..97 
 
Figure 3.5. Voltammogram of 2 after exposure to N2, according to the  
general procedure………………………………………………………………………….....97 
 
Figure 3.6. Controlled potential electrolysis of 2 at 0.2 V vs Cp2Fe+/0  
(no added chloride).……………………………………………………………………..…...98 
 
Figure 3.7. Controlled potential electrolysis of 2 at 0.2 V vs Cp2Fe+/0 in the 
presence of 5 equiv [Bu4N][Cl].………………………………………………...………….. 98 
 
Figure 4.1. Structural representation of 3 from XRD……...………………………………107 
 
Figure 4.2. Structural representation of 4 showing disorder.…..…………………………..110 
 
 xiii 
Figure 4.3. Structural representation of 4 from XRD……..……………………………….111 
 
Figure 4.4. Structural representation of 6 from XRD……………………………………...112 
 
Figure 4.5. 1H NMR Spectrum of addition of excess pyridine to (tBu4PCP)Ir(H)2 (1).…….121 
 
Figure 4.6 31P{1H} NMR Spectrum of addition of excess pyridine  
to (tBu4PCP)Ir(H)2 (1)……………………………………………………………………….121 
 
Figure 4.7. 1H NMR Spectrum of addition of excess 2,6-lutidine  
to (tBu4PCP)Ir(H)2 (1).…………………………………………………………………...….122 
 
Figure 4.8 31P{1H} NMR Spectrum of addition of excess 2,6-lutidine  
to (tBu4PCP)Ir(H)2 (1)……………………………………………………………………….122 
 
Figure 4.9. 1H NMR Spectrum of addition of pyridine to (tBu4PCP)Ir(H)2 (1).…………....123 
 
Figure 4.10. 1H NMR Spectrum of addition of 2,6-lutidine to (tBu4PCP)Ir(H)2 (1).….........123 
 
Figure 4.11. 1H NMR spectrum of 3..…………………………………………………...…125 
 
Figure 4.12. 31P{1H} NMR spectrum of 3..……….………….……………………………125 
 
Figure 4.13. 1H NMR spectrum of 4..…………………………………………………...…127 
 
Figure 4.14. 31P{1H} NMR spectrum of 4..……….………….……………………………127 
 
Figure 4.15. 1H NMR spectrum of 5.………………………………………………………128 
 
Figure 4.16. 1H NMR spectrum of 6..…………………………………………………...…130 
 
Figure 4.17. 31P{1H} NMR spectrum of 6..……….………….……………………………130 
 
Figure 4.18. Structure of 3 with atom labels.....……………………………………………132 
 
Figure 4.19. Structure of 4 with atom labels…….…………………………………………137 
 
Figure 4.20. Structure of 6 with atom labels……………………………………………….133 
 
 xiv 
LIST OF SCHEMES 
 
Scheme 1.1. Scheme 1.1 Solar Fuels Scheme………………..……………….........................5 
 
Scheme 1.2. Scheme 1.2 Schematic Diagram of DSPEC Design (From UNC EFRC)…........6 
 
Scheme 1.3. Water Oxidation Thermodynamics…………….………………………………..7 
 
Scheme 1.4. Water Oxidation Catalysts………………………………………………………8 
 
Scheme 1.5. Water Oxidation Mechanism..............................................................................10 
 
Scheme 1.6. Alkane Dehydrogenation and Uses of Alkenes………………………………..12 
 
Scheme 1.7. Sacrificial Hydrogen Acceptors and Alternatives…………………….…….....13 
 
Scheme 1.8. Hydrogen Acceptor Regeneration Scheme………………………..…………...15 
 
Scheme 1.9. Accepting H2 from the Iridium at an Electrode……………...……..………….16 
 
Scheme 2.1. Synthesis of Ruthenium Complexes…………………………………………...22 
 
Scheme 2.2. Comparison of Complex 2 with Chloride Complexes from ref 37…………….26 
 
Scheme 2.3. Equation used to Calculate Electrochemical Rates…………………………….34 
 
Scheme 2.4. Depictions of Two Distinct Mechanistic Steps………………………………...43 
 
Scheme 2.5. Equation Describing Catalytic Current………………………………………...47 
 
Scheme 2.6. Equation for Catalytic Current Divided by Randles-Sechik Equation…….…..51 
 
Scheme 2.7. Equations 4 and 5………………………………………………………………51 
 
Scheme 3.1 Alkane Dehydrogenation Catalytic Cycle………………………………...……83 
 
Scheme 3.2. Electrolysis of Iridium Dihydride…………………………………...…………88 
 
Scheme 3.3. Chemical Hydride Transfer from Iridium Dihydride………..………………...89 
 
Scheme 3.4. Chemical Oxidaiton of Iridium Dihydride…………………………….……….89 
 
Scheme 3.5. Chemical and Electrochemical Routes to Hydride Loss…………..…………..92 
 
Scheme 4.1. Alkane Dehydrogenation Cycle Initiated by Oxidation ………………...…...101 
 xv 
 
Scheme 4.2. Coordination of Pyridine Bases to Dihydride species.….…………………....103 
 
Scheme 4.3. Trapping of the Cationic Hydride Intermediate ……………………………...104 
 
Scheme 4.4. Hydride Abstraction from 1 in the Presence of Pyridine……….…………….105 
 
Scheme 4.5. Generation of Cationic Hydride 3 by Halide Abstraction……….………..….106 
 
Scheme 4.6. Equilibrium between 3 and excess pyridine……….………..…………….….108 
 
Scheme 4.7. Synthesis of Cationic Hydrides 4-6……….……….………..…………….….109 
 
Scheme 4.8. Solvent Activation Following Deprotonation of Cationic Hydrides..…….….114 
 
Scheme 4.9. Formation of κ2 2-Phenylpyridine Products………………………...…….….116 
 
Scheme 4.10. Aryl CH Activation with Biphenyl ………………...……………...…….….116 
 
Scheme 4.11. Deprotonation of Complex 6 in neat 2-phenylpyridine …………...…….….117 
 
Scheme 4.12. Proposed Adduct Fomation with 14e– Intermediate.….…………...…….….117 
 
 xvi 
LIST OF ABBREVIATIONS AND SYMBOLS 
 
°  degree(s) 
⊥  perpendicular 
||  parallel 
α  Greek alpha:  crystallographic angle 
β  Greek beta:  crystallographic angle 
γ  Greek gamma:  crystallographic angle 
δ  Greek delta:  denotes chemical shift reference scale 
η  Greek eta:  ligand hapticity 
κ  Greek kappa:  denotes coordination to metal by x atoms 
ν  Greek mu:  IR absorption band frequency 
π  Greek pi:  denotes bond 
θ  Greek theta:  general angle 
σ  Greek sigma:  denotes coordination to a metal via a single atom 
νXY  Greek nu:  denotes infrared absorbance band corresponding to the   
  stretching of the bond between atoms X and Y 
 
Δ  Greek capital delta:  denotes separation between values or applied heat 
a,b,c  crystallographic unit cell parameters 
 xvii 
Å  angstrom(s) 
Ar  general aromatic 
BArF4  tetrakis(3,5-trifluoromethylphenyl)borate 
B(C6F5)4 tetrakis(pentafluorophenyl)borate 
BE  Bulk Electrolysis  
br  broad 
C  Celsius 
CV  Cyclic Voltammetry 
cm-1  wavenumber 
d  doublet 
DPV  Differential Pulse Voltammetry  
DSPEC Dye Sensitized Photoelectrosynthesis Cell 
ΔG°  standard Gibbs energy 
ΔG‡  Gibbs energy of activation 
eq  equation 
equiv  equivalents 
Et  ethyl, -CH2CH3 
h  hour(s) 
 xviii 
Hz  Hertz 
IR  infrared  
xJYZ  magnetic coupling between atoms X and Y through a distance of x bonds 
K  Kelvin  
kcal  kilocalorie 
L  general ligand, usually 2 e- donor 
M  general metal atom 
m  multiplet 
m  meta 
Me  methyl, -CH3 
min  minute(s) 
MLCT  metal-to-ligand charge transfer  
mol  mole 
MS  mass spectroscopy 
nBu  n-butyl, -C4H9 
NMR  nuclear magnetic resonance  
o  ortho 
ORTEP Oak Ridge Thermal Ellipsoid Plot 
 xix 
OTf  triflate, trifluoromethane sulfonate: CF3SO3- 
p  para 
Ph  phenyl, -C6H5 
ppm  parts per million 
q  quartet 
R  general alkyl group 
R, RW  crystallographic refinement quality indicators 
s  singlet (NMR data) 
s  second 
t  triplet 
TBE  Tert-butylethylene (3,3-dimethyl-1-butene) 
tBu  tertiary butyl, -C(CH3)3 
THF  tetrahydrofuran 
TMS  trimethylsilyl, -Si(CH3)3 
X  general halogen atom 
 
 1 
Chapter 1 Introduction 
 
Section 1.1 Catalysis and Electrochemical Methods  
 Reactions that involve adding or removing electrons are some of the most 
common and important processes to life.  The complex structures of photosystem II, for 
example, allow green plants to store the sun’s energy in chemical bonds through reactions 
involving the movement of both protons and electrons.1  Inspired by the methods nature 
has developed to move protons and electrons, chemists are striving to develop more 
efficient catalysts that exploit the movement of protons and electrons to do new 
chemistry.  
 The high energies associated with free electrons result in extremely high reaction 
barriers for many oxidation reactions.2  A transition metal center can help lower this 
barrier by storing multiple electron equivalents while a chemical step takes place.  
Oxidations that involve the transfer of electrons away from a substrate are an important 
class of reactions that are catalyzed by transition metals.3  Water oxidation, the 
generation of dioxygen as well as four protons and four electrons from two equivalents of 
water, is an essential part of nearly all proposed solar fuels systems. 4-6  It is also critical 
for the generation of hydrogen from sources other than petrochemicals.  To be utilized as 
part of any global scale energy schemes efficient water oxidation catalysts are needed. 
Dehydrogenation reactions are another important class of oxidation reactions that 
can be catalyzed by molecular catalysts, reactions like alkane dehydrogenation and 
 2 
alcohol oxidation.7,8  This class of reactions allows for the transformation of more 
abundant feedstocks like alkanes and alcohols into useful industrial chemicals and 
pharmaceutical starting materials.  They will also be critical in transformations of alkanes 
generated by renewable means, for example as a critical piece of alkane metathesis 
processes to generate diesel fuels.9 
 Electrochemistry is a great tool for exploring these oxidation reactions.  
Performing an oxidation reaction with energy from an electrode replicates the conditions 
in solar fuels applications or any application where photovoltaics or another renewable 
source of electricity is the desired energy source.  Understanding how catalysts operate 
under these electrochemical conditions allows for insight into the reactions and can help 
direct the synthesis of new generations of catalysts.  
 Electrochemical experiments are valuable for characterizing catalysts. Knowing 
the redox potentials associated with a molecular catalyst is an important part of its 
characterization.  It rapidly gives insight into the effects of ligand substitution and other 
synthetic changes on the electronics of the molecule.  Cyclic voltammetry (CV) and 
differential pulse voltammetry experiments (DPV) experiments provide this sort of 
information about the electronic structure of molecules.10   
 Electrochemical methods are a great tool for exploring the diverse conditions 
under which catalysts operate.  Under aqueous conditions electrochemical methods 
enable the determination of the pH dependence of catalytic activity. This sort of data can 
be used to construct Pourbaix diagrams, which plot the potential of a redox process 
against the pH of the solution.  These diagrams can give insight into the stoichiometry of 
mechanistic steps in terms of the movement of protons and electrons, as well as providing 
 3 
a information about the electronic structure of a catalyst as well as the expected process 
at different potentials and pHs.   
There are a number of well-established methods for determining rate constants 
from electrochemical data.10  Many of these methods, like measuring plateau currents and 
foot of the wave analysis, can be used to determine idealized rate constants or theoretical 
maximum turnover frequencies.11  These methods can be useful for comparing catalysts 
under idealized conditions, but with an eye toward device incorporation or practical use it 
is more valuable to have information about a catalysts at a specific applied potential or 
under a specific set of concentration conditions.  For this purpose, methods that report a 
catalyst’s rate at specific applied potential are the most useful, and can often be relatively 
simple.  For example, some methods calculate rate constants by comparing catalytic 
currents with the current at a well-defined redox couple of the catalytic molecule.12 These 
practical methods for determining rates are also ideally suited for exploring catalytic 
activity under realistic conditions, concerning catalyst concentration and substrate 
diffusion rates.10  
The selectivity of a catalytic system can also be explored using electrochemistry. 
Electrochemical methods allow for the correlation between potential and product 
distribution to be explored in great detail.  Electrochemical methods can also allow for 
the selectivity of the desired reactions relative to background reactions not catalyzed by 
the molecular catalyst to be analyzed.  Changing conditions as well as potential can vary 
the rate of these background reactions and being able to measure them relative to the 
desired reaction is an important experiment.  
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Electrochemical methods also allow for the relationship between rate or 
selectivity and pH to be explored.  With chemical oxidants, like cerium(IV), which is 
often used in water oxidation studies, the stability of the chemical oxidation limits studies 
to acidic conditions.13  Electrochemical methods widen the pH range that can be studied, 
only limited by catalyst stability and the background reaction of the chosen electrodes 
with the solvent.  With non-aqueous systems solvent effects can be explored, as well as 
substrate concentration effects when reactions are not run neat.14 Substrate dependence 
data can even be gathered for water oxidation systems when the concentration of water in 
a solvent like propylene carbonate is adjusted.14  
 The research described here focuses on two important oxidation reactions, water 
oxidation and alkane dehydrogenation. In water oxidation, four electrons and four 
protons are removed from two molecules of water to generate dioxygen.  In the case of 
alkane dehydrogenation, two protons and two electrons are removed to generate an 
alkene.  For both of these reactions, transition metal catalysts were developed and 
mechanistic studies were performed.  The synthesis and characterization of catalysts and 
intermediates was coupled with electrochemical studies making use of a number of 
different techniques.  
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Section 1.2 Water Oxidation  
 As the focus of our energy economy shifts to rely more heavily on renewable 
sources better ways to utilize solar energy are necessary.5 Solar fuels strategies that store 
the sun’s energy in the form of chemical bonds are likely to be an important part of any 
renewable energy schemes. 4-6,15  These methods attempt to mimic, at least from a broad 
view, the ways in which green plants store the sun’s energy.1  
 
 
Scheme 1.1 Solar Fuels Scheme  
 Energy storage is certainly one of the most significant challenges to exploiting the 
suns energy.  This is a particular disadvantage of photovoltaic systems that convert 
sunlight directly into electricity, as this energy must either be used immediately or stored 
by some method, generally chemical batteries.16  Increasing the percentage of our energy 
that comes from renewable sources is limited by our ability to integrate these sources 
with existing energy infrastructure.4  The ability to generate transportation fuels from 
sunlight would be a significant advancement.   
 A dye sensitized photoelectrosynthesis cell (DSPEC) is promising architecture for 
a solar fuels device.5  On one side of this cell, a photoanode, made of a transparent 
conducting metal oxide, and decorated with chromophores and catalysts oxidizes water to 
H2O 1/2 O2 +2 H+ + 2 e-
catox
2 e- +2 H+ +CO2 CO + H2O
catred
Sunlight
Fuels
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generate the protons and electrons.  On the other side of the cell (separated by a proton 
permeable membrane) the photocathode again decorated with chromophores and 
catalysts, uses the generated protons and electrons to reduce carbon dioxide and form 
fuels.5 
 
 
Scheme 1.2 Schematic Diagram of DSPEC Design (From UNC EFRC)17 
 The design and construction of a DSPEC is a challenging, multifaceted problem.  
There are many pieces that all must function in concert; understanding and optimizing the 
performance of each component and how they function together is what makes the 
problem challenging.  Some of the challenges include understanding surface chemistry, 
producing materials for both the photoanode and the photocathode, problems with long 
term stability of catalysts and chromophores, and surface immobilization strategies.  
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Along with all of these challenges, the design of good catalysts for water oxidation is 
critical.  Regardless of the product of CO2 reduction that is generated at the photocathode, 
the oxidation of water to generate protons and electrons must take place at the 
photoanode.  The energy stored in whatever fuel is generated at the photocathode is 
linked closely with the equivalents of water that are oxidized in its production.18  The 
generation of protons and electrons from water is the linchpin of a solar fuels cycle.  It is 
the essential element that differentiates the process from fossil fuel exploitation.   
The water oxidation catalyst employed needs to operate quickly to allow it to 
keep with solar flux and prevent decomposition pathways that come from storing 
oxidizing equivalents on chromophores or catalysts.19  Additionally a catalyst should be 
able to operate at the potentials that can be applied by the device.  The use of carbon 
dioxide as a carbon source means that DSPEC devices will likely operate with aqueous 
carbonate buffer solutions so a catalyst that operates well at basic pHs is also required.5  
A catalyst that is amenable to surface attachment, individually or as part of chromophore 
catalysts assemblies, is also required for incorporation into a DSPEC.5,19  
 
 
Scheme 1.3 Water Oxidation Thermodynamics  
The water splitting reaction is challenging on multiple levels.  The generation of 
oxygen, as shown in scheme 1.3, is a thermodynamically unfavorable reaction, by 114 
kcal/mol or 1.23V. The transformation is also kinetically challenging because it involves 
four protons and four electrons. Coupled proton and electron transfers would avoid high-
2 H2O      O2 + 4 H+ + 4 e-
4 H+ + 4 e-     2 H2 
2 H2O     O2 + 2 H2   E°=1.23V
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energy intermediates like !OH radicals. Transition metals are promising candidates to 
facilitate these coupled transfers. The areas with the most pressing need for improvement 
are the kinetic behavior of the catalysts, the overpotential at which they operate, and the 
stability of the catalyst.  Homogenous catalysts have the potential to allow for 
improvements to be made in many of these areas. They often operate at very high rates, 
are easier to characterize than heterogeneous systems, and provide a means to study and 
elucidate mechanism. 
The first molecular water oxidation catalyst reported was ruthenium based.20  
Ruthenium has continued to be widely used in molecular water oxidation catalysts.  
These catalysts come in both monomer and dimer forms.21,22  They generally incorporate 
chelating ligands, which stabilize the coordination sphere while leaving the sixth 
coordination site available for catalysis.  
A large fraction of the current generation of molecular water oxidation catalysts 
contain meridionally coordinated tridentate polypyridyl ligands.22  These neutral six 
electron donors are well suited for water oxidation catalysis: the nitrogen atoms are 
strong donors and the aromatic rings make them oxidatively robust, an important 
property for catalysts that must be stable under water oxidation conditions. 
 
Scheme 1.4 Water Oxidation Catalysts  
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Many molecular ruthenium systems, like those shown in scheme 1.4,  show good 
activity, decent stability and in some cases very impressive rates. 23-25  These impressive 
rates are in many cases reported with the use of ceric ammonium nitrate in massive 
excess as a chemical oxidant.25  These experiments must be conducted at acid pHs with 
Ce(IV) providing driving force above thermodynamic requirements.  These conditions 
while useful for quickly screening catalysts activities are less useful if device 
incorporation is the goal for a catalyst.  In a device driving force will be provided by the 
photoanode and likely at basic pHs.  
Bulk electrolysis methods are the best electrochemical methods to monitor 
catalyst performance over time. They also allow for calculation of Faradaic efficiencies, 
the percentage of current passed that is going to product.  There are various methods for 
monitoring oxygen production from a catalyst.12,26,27  Methods involving pressure sensors 
or Clark electrodes can be used to calculate Faradic efficiencies but they often require 
assumptions to be made about what gaseous products are produced.28  Rotating ring disk 
experiments are great for identifying products and calculating Faradaic efficiencies, but 
are less useful for homogeneous systems and are not suitable for bulk experiments.26  
Some recent developments have led to collector generator setups being applied to 
characterization, combining some of the best features of bulk experiments with product 
identification at an electrode.27   
Some of the most active new catalysts for water oxidation incorporate anionic 
ligands.29,30 Polydenate ligands that have one or more X type-binding sites, like those 
reported by Sun and Akermark (Scheme 1.4), have shown very promising activity.29,30  
These anionic ligands are capable of increasing electron density at the ruthenium centers.  
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In some cases it is possible that the electronic character of these new ligands contributes 
significantly to their high rates. It is also likely that the more electron donating ligands 
stabilize the high oxidation state intermediates that are proposed in many catalytic cycles.  
Anionic ligands also reduce the overall charge of the molecular catalysts, which reduces 
the repulsive forces in bimolecular oxygen-oxygen bond forming steps.21,31  
 
Scheme 1.5 Water Oxidation Mechanism (adapted from 19) 
Molecular systems that can catalyze this reaction have been the focus of many 
studies in the past 15 years.32,33  Understanding more about the structure function 
relationships in these systems and how to design molecules that will operate well under 
the desired conditions remains an important goal.  Electrochemical methods are a great 
way to study the behavior of molecular water oxidation catalysts.  They also allow for a 
variety of conditions that closely replicate those expected in a device to be explored.  
Understanding the operation of molecular water oxidation catalysts will allow for 
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[RuIII-OOH]2+
[RuIV-OO]2+
[RuV-OO]3+
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slow
H2O
O2
O2, H+
– e–, H+
– e–, H+
– e–
H+
– e–, H+
– e–
H2O
H2O
slow
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iterative improvements to be made and the development of the catalysts that will be 
needed in the future as we change how we use, store, and transport energy.  
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Section 1.3 Electrochemical Alkane Dehydrogenation  
 Alkane dehydrogenation is the generation of an alkene following the removal of 
an equivalent of dihydrogen from an alkane.  Alkanes are an abundant carbon source and, 
alkenes are useful as monomers,7 important starting materials for pharmaceutical fine 
chemical synthesis and commodity chemicals.34  Understanding more about the 
fundamental reactivity and basic chemical steps involved are critical to responding to 
changes in petroleum sources, and allowing for shifts to renewable sources of carbon.  
 
 
Scheme 1.6 Alkane Dehydrogenation and Uses of Alkenes  
 The ability of iridium pincer complexes to catalyze transfer dehydrogenation has 
led to many applications.7  These complexes act as rapid transfer dehydrogenation 
catalysts giving them utility as olefin isomerization catalysts and allowing them to play a 
key role in alkane metathesis schemes. 9,35  They are also competent for the 
dehydrogenation of a variety of alkanes using sacrificial acceptors, the 
dehydroaromatization of n-alkanes, and the dehydrogenation of alkyl groups on a wide 
variety of substrates.  Reactions involving more complex substrates and heteroatom 
substrates have also been demonstrated.7  
R R
H
N
O
H
N
O
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 Alkane dehydrogenation reactions using iridium pincer catalysts generally employ 
a sacrificial acceptor.  In many of these systems an equivalent of TBE (tert-
butylethylene) is required to accept hydrogen.  These reactions could be similary 
described as a transfer dehydrogenation between an alkane substrate and TBE.  The 
equivalent of TBE provides much of the driving force for the reaction.  When a sacrificial 
acceptor is employed, the alkene produced must be of sufficient value to justify the use of 
TBE.  When a reaction employs a sacrificial acceptor some control over the driving force 
of the reaction can be exercised but it requires changing the identity of the acceptor.  
 
Scheme 1.7 Sacrificial Hydrogen Acceptors and Alternatives  
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 An alternative to the use of sacrificial acceptors are thermal, acceptor-less 
dehydrogenation methods.36,37  These systems rely on the removal of hydrogen as 
gaseous dihydrogen.  In order to remove the equivalent of hydrogen in this way, very 
high temperatures often need to be employed.  This necessitates the design of specialty 
pincer catalysts, which are particularly stable to high temperatures.38  In addition to more 
specialized catalysts and harsher conditions, a considerable amount of excess energy is 
required for acceptor-less dehydrogenation reactions in the form of heat. 36,38  
 Another alternative would be the use of an acceptor that could be regenerated 
easily.  The physical separation of the acceptor from the reaction mixture could allow for 
its regeneration under conditions that would be incompatible with the catalyst, substrate, 
or product.  Acceptors could be regenerated by thermal or electrochemical methods 
electrochemical.  Electrochemical methods would allow for careful control of the driving 
force required to regenerate that acceptor. Renewable sources of energy could be used for 
reactions conducted on large scales if the principle source of energy input is the potential 
applied.  At an electrode surface, the acceptor would be regenerated by removing 
equivalents of dihydrogen in the form of protons and electrons (Scheme 1.8).  
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Scheme 1.8 Hydrogen Acceptor Regeneration Scheme  
 The idea of removing the equivalent of hydrogen as protons and electrons leads to 
another alternative to sacrificial acceptors, the generation of the active iridium fragment 
for dehydrogenation directly at an electrode surface as two electrons and two protons in 
solution.  This would lead to the generation of the active 14e- intermediate from the 
dihydride species at the electrode and then dehydrogenation of an alkane to regenerate 
the dihydride.  There are many advantages to a scheme involving the generation of the 
reactive species at an electrode surface.  Sacrificial reagents are no longer needed, mild 
conditions can be employed, and it is possible reactions could even be run at room 
temperature.  One of the most powerful advantages of electrochemistry is the ability to 
modulate with fine control the driving force for the reaction by altering the applied 
potential.  This allows for reactions to be run as efficiently as possible and allows for the 
possibility of controlling selectivity through applied potential.  
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Scheme 1.9 Accepting H2 From Iridium at an Electrode  
 Electrochemical methods can provide a way to transform alkane dehydrogenation 
chemistry.  The ability to remove the hydrogen equivalent in the form of protons and 
electrons could erase the need for costly sacrificial hydrogen acceptors.  An electrode 
also provides an opportunity to tune the driving force of a reaction.  Allowing for 
reactions to be run efficiently using renewable sources of energy.  Tuning oxidation 
potentials can also lead to studies relating overpotential to selectivity.  In order to realize 
any of these goals, the oxidative reactivity of iridium pincer complexes at electrodes must 
be explored.  Developing conditions which will allow for the removal of two protons and 
two electrons from an iridium catalyst to generate the reactive species for alkane 
dehydrogenation is the first step in an electrochemical alkane dehydrogenation scheme.  
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Chapter 2 Rapid Water Oxidation Electrocatalysis by a Ruthenium Complex of the 
Tripodal Ligand Tris(2-pyridyl)phosphine Oxide 
 
Reproduced in part from, Walden, A. G.; Miller, A. J. M. “Rapid Water Oxidation 
Electrocatalysis by a Ruthenium Complex of the Tripodal Ligand Tris(2-
pyridyl)phosphine Oxide.” Chem. Sci. 2015, 6, 2405. with permission from the Royal 
Society of Chemistry. 
 
Section 2.1 Introduction  
Electrocatalysts for the oxidation of water to dioxygen have shown extraordinary 
improvement over the last 10 years, motivated by applications in solar-driven water-
splitting devices.1-4 Water oxidation is thermodynamically unfavorable (∆Gº = +114 
kcal/mol = +1.23 V) and kinetically challenging (a 4H+/4e– process),5,6 leading to a long-
prevailing notion that multiple metal centers would be required to efficiently carry out 
water oxidation — in accord with the multimetallic nature of the Oxygen Evolving 
Complex in Photosystem II and early synthetic catalysts.7-13  
  The introduction of well-defined “single-site” monoruthenium catalysts in 200514 
challenged conventional wisdom and launched a dramatic increase in monometallic 
catalysts showing good activity.2,15-18 The fastest catalysts for both electrochemical and 
chemical oxidation of water are all single site species. A handful of catalysts have rates 
faster than Photosystem II, including Cu (100 s−1),19 Ru (400 s−1),20  and Co (1,400 s−1)21 
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examples. The turnover frequencies of these catalysts as reported in parenthesis above 
attest to their rapid rates.  
 Most Ru catalysts are supported in a meridional fashion by polypyridyl ligands, 
following the example of early single-site ruthenium catalysts that paired terpyridine with 
a bidentate chelate.2,14,15,20,22-26 We set out to develop water oxidation catalysts supported 
by a facially coordinating ligand, a geometry that has been only sporadically examined 
for water oxidation.1,27  The tripodal ligand tris(2-pyridyl)phosphine oxide (Py3PO)28 was 
appealing because it retains the tris(pyridine) donor set found in many catalysts, but 
presents a facial binding arrangement through the oxidatively robust phosphine oxide 
linker.  In this chapter we descibe new Ru complexes supported by the Py3PO ligand 
display good water oxidation activity at modest overpotentials and operate faster than any 
previously reported Ru catalyst at high overpotentials.1 
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Section 2.2 Synthesis of Py3PO Ligand and Ruthenium Complexes  
 The coordination chemistry of Py3PO is relatively unexplored and complexes are 
often accessed by post-functionalization of the corresponding tris(2-pyridyl)phosphine 
complex.28-32 A new route to the free phosphine oxide ligand was recently reported by 
Trofimov and co-workers.28 Instead of a low temperature lithiation strategy, red 
phosphorus and 2-bromopyridine were heated under strongly basic conditions.  
 Synthetic routes starting from RuCl3 led to intractable mixtures of products, but 
metallation was readily accomplished by addition of Py3PO to the benzene complex 
[Ru(η6-C6H6)(Cl)2]2 (Scheme 2.1).33 The product precipitated from H2O/CH3OH mixtures 
as a microcrystalline yellow powder. Surprisingly, the 1H NMR spectrum of the product 
featured a singlet (δ 6.11) suggestive of benzene coordinated to Ru; the spectroscopic 
data indicated bidentate Py3PO coordination with the formula [Ru(κ2-Py3PO)(η6-
C6H6)(Cl)][PF6] (1).  
 
Scheme 2.1 Synthesis of Ruthenium Complexes  
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 The bidentate binding mode of Py3PO in complex 1 permitted the selective 
installation of a single Py3PO ligand, avoiding previously observed bis(Py3PO) 
complexes.29,31,34 Subsequent reaction of bpy with complex 1 in DMF prompted a change 
in coordination number, affording the desired tripodal complex [Ru(κ3-
Py3PO)(bpy)(Cl)][PF6] (2). The presence of a phosphorus atom in the ligand backbone 
offers a convenient NMR handle to identify new complexes, as illustrated in the ~18 ppm 
shift in moving from 1 to 2 (31P{1H} NMR  19.4 for 1 and  2.0 for 2). Red-orange 
complex 2 features a crowded aromatic region in the 1H NMR spectrum that is consistent 
with Cs symmetry in solution. The ion peaks observed by electrospray ionization mass–
spectrometry (ESI–MS) indicated one inner-sphere chloride, while another chloride had 
been replaced with an outer-sphere anion. Complex 2 has an absorbance maximum at 464 
nm that is consistent with a MLCT transition.35,36 
! 24!
 
Figure 2.1 Structural representation of 2 from XRD with ellipsoids rendered 
at 50% probability. Hydrogen atoms, PF6 counter ion and one 
dichloromethane molecule are omitted for clarity. Selected bond distances 
(Å): Ru1-Cl1 2.416(2), Ru1-N1 2.073(5), Ru1-N2 2.106(5), Ru1-N3 2.088(6), 
Ru1-N4 2.073(8), Ru1-N5 2.057(7). 
 
Single crystals of chloride cation 2 suitable for an X-ray diffraction (XRD) study 
were grown from CH2Cl2 layered with Et2O. As seen in Figure 2.1, 2 features a facially 
coordinated Py3PO ligand. The pseudo-Cs symmetry observed in solution is maintained 
in the solid state 
The aquo complex [Ru(Py3PO)(bpy)(OH2)]2+ (3) was synthesized from aqueous 
solutions of chloride 2 by addition of two equivalents of silver triflate, followed by 
heating at 40 °C for 2 h. 1H, 13C, and 31P NMR spectroscopy and ESI-MS in D2O 
confirmed replacement of the inner-sphere chloride ligand with water. Optical transitions 
were observed at 255, 295, and 437 nm, see Figure 2.5. 
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Section 2.3 Electrochemical Characterization  
 The electrochemical behavior of complex 2 was first investigated in acetonitrile to 
facilitate comparisons to other complexes. A single electrochemical feature at 0.60 V vs. 
Cp2Fe+/0 was observed by cyclic voltammetry (CV) and assigned to the RuIII/II couple 
(Figure 2.2). This potential is within the range reported by Thummell, 0.32 V to 0.90 V 
vs. Cp2Fe+/0 for the chloride complexes of a number of known water oxidation catalysts 
under the same conditions (Scheme 2.2).37 The oxidation potential of 2 is 180 mV 
positive of the analogous [Ru(tpy)(bpy)(Cl)]+ (tpy is 2,2':6',2''-terpyridine) complex, 
indicating that the Py3PO ligand is less electron-releasing than tpy. 
 
Figure 2.2 CV of 2 in CH3CN at scan rates of 100 mV/s (red), 250 mV/s 
(blue), and 500 mV/s (purple). Background without Ru complex at 100 mV/s 
shown in black. Conditions: 0.11 M [NBu4][PF6] electrolyte, glassy carbon 
disk working electrode, Pt wire counter electrode, Ag wire reference 
electrode. 
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Scheme 2.2 Comparison of Complex 2 with Chloride Complexes From ref 37 
 
Complexes 2 and 3 were further characterized electrochemically in aqueous 
phosphate buffer solutions at neutral pH. CV of chloride complex 2 revealed a quasi-
reversible oxidation at 1.14 V vs. NHE. The oxidation potential was pH independent, 
showing no change as the pH of the phosphate buffer was changed.  
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Figure 2.3 CV of 3 at various pH in H2O (0.1 M phosphate buffer). 
Conditions: glassy carbon disk working electrode, Pt wire counter electrode, 
Ag/AgCl reference electrode. 
 
 CV of aquo dication 3 exhibits a reversible oxidation at 0.78 V vs. NHE in pH 7 
0.1 M phosphate buffer (Figure 2.3), assigned to the RuIIIOH/Ru IIOH2 couple. Controlled 
potential electrolysis (CPE) of 1.0 mM 3 at 1.01 V vs. NHE accumulated 270 mC of total 
charge, corresponding to 1.1 e–/Ru, as expected for a 1e– process (Figure 2.4). The 
absorption spectrum after electrolysis showed a loss of the prominent charge transfer 
band of 3 (λmax = 437 nm), consistent with consumption of the Ru(II) and formation of 
Ru(III) (Figure 2.5). !
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Figure'2.4'CPE'of'3'at'1.09'V'vs.'NHE.'After'2'hours,'a'total'of'270'mC'of'
charge'had'been'passed,'corresponding'to'1.1'e–/Ru.'Conditions:'pH'7'
100'mM'phosphate'buffer,'1.0'mM'3,'twoLcompartment'HLcell,'
reticulated'vitreous'carbon'(RVC)'working'electrode,'Pt'wire'counter'
electrode'and'Ag/AgCl'reference'electrode.''
'
 
Figure 2.5. UV-vis trace (absorbance normalized) of 3 before (red) and after 
CPE at 1.1V vs. NHE for 2 hours. Conditions: 1.0 mM 3, CPE conducted in a 
two-compartment H-cell, reticulated vitreous carbon (RVC) working 
electrode, Pt wire counter electrode and Ag/AgCl reference electrode. 
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 A second oxidation, attributed to the RuIV=O/RuIIIOH couple, was initially 
noticed as a broad, poorly resolved feature in background-subtracted CV experiments. 
Using differential pulse voltammetry (DPV), however, a better anodic response was 
observed at 1.08 V vs. NHE at pH 7 (Figure 2.6A). The broad, poorly resolved oxidation 
feature is consistent with slow electron transfer kinetics at the electrode, as observed in 
related systems.38  
 
Figure 2.6 Differential pulse voltammograms from pH 7 to pH 10 (A) and 
resulting Pourbaix diagram (B) of 3. Solid black lines are linear fits to 
portions of the data. The slope of the first oxidation (pH 1-9) is 54 mV per pH 
unit. The slope of the second oxidation (pH 2-10) is 60 mV per pH unit. The 
dashed vertical line represents the pKa of aquo 3. Conditions: 0.1 M 
phosphate, 3 mm glassy carbon disc working electrode, Pt wire counter 
electrode, Ag/AgCl reference electrode. 
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 The oxidation potentials of aquo 3 are pH dependent. A Pourbaix diagram was 
constructed by performing differential pulse voltammetry (DPV) at various pH values 
(0.1 M phosphate buffer, pH adjusted with NaOH). As shown in Figure 2.6B, the first 
oxidation potential shows a linear correlation with pH from pH 1.5 to pH 9.5 before 
reaching a pH-independent region. The slope of 54 mV per pH unit is close to the 
Nernstian ideal for a 1H+/1e– process (59 mV per pH unit). Figure 2.6B indicates that 3 
has a pKa of 9.5, and the solution contains [Ru(Py3PO)(bpy)(OH)]+ at more basic pH 
values. Consistent with this notion, a color change was observed upon addition of NaOH 
to a pH 7 solution of 3 (Figure 2.7).  At pH 7, the major peak in the mass spectrum is 
[Ru(k3-Py3PO)(bpy)(OH2)]2+ (observed  m/z: 278.4, calculated m/z: 278.53); at pH 10.7, 
the peak at 278.4 is not observed, having been replaced by a prominent peak for [Ru(k-3-
Py3PO)(bpy)(OH)]+ (observed m/z: 555.99 calculated m/z: 556.05).  The second 
oxidation potential shows a liner correlation with pH over the entire observed region.  A 
slope of 60 mV per pH unit was determined for this process. 
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Figure 2.7 UV-vis spectra of [Ru(κ-3-Py3PO)(bpy)OH2]2+ (3) at different pH 
values. Deprotonation occurs between pH 7 and pH 10.7 (with a mix of 
species observed at pH 8.7), consistent with the electrochemically estimated 
pKa value of 9.5.  
 
 Another pH-dependent process is observed under strongly basic conditions (pH 
11 to 14). In this region, CV reveals a loss of reversibility in the oxidation wave, with no 
accompanying reduction feature visible on the return sweep (Figure 2.8). The loss of 
reversibility may indicate the presence of a rapid chemical process, perhaps through base-
catalyzed disproportionation of RuIII–OH2+ to afford RuIV=O+ and RuII-OH22+. This 
irreversible electrochemical behavior may be responsible for the non-Nernstian response 
(slope of 46 mV per pH unit) in this region.  
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Figure 2.8. CV traces of 3 at a range of pH values. The return reduction 
disappears above pH 12. in H2O (0.1 M phosphate buffer). Conditions: 100 
mV/sec glassy carbon disk working electrode, Pt wire counter electrode, 
Ag/AgCl reference electrode. 
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Section 2.4 Electrocatlysis at pH 7 
 Initial screening for electrocatalytic activity was carried out with a CV sweep to 
positive potentials.  Chloride complex 2 exhibited only the previously observed oxidation 
at 1.14 V vs. NHE at pH 7, and no significant current increase above background was 
observed out to 1.7 V. The lack of current response suggests that chloride 2 is a slow or 
inactive water oxidation catalyst.  
 Aquo complex 3, on the other hand, exhibited dramatic current enhancement upon 
scanning positive (Figure 2.9), with onset of catalysis around 1.5 V vs. NHE at pH 7. 
Qualitative detection of the resulting O2 was possible by performing a CV sweep to 
negative potentials after reaching the catalytic regime. A broad, irreversible reduction 
near –0.5 V is only observed after a catalytic current response and is assigned to O2 
reduction catalyzed by the glassy carbon electrode surface (Figure 2.9). 19,39  
 
Figure 2.9 CV of [Ru(Py3PO)(bpy)(OH2)]2+ (3) swept anodically to 1.95 V 
(red) and 1.2 V (blue) vs. NHE. A catalyst-free background scan is shown in 
black. The reduction near −0.5 V is assigned to O2 reduction. Conditions: 250 
mV·s−1 scan rate, pH 7 0.1 M phosphate buffer, 3 mm glassy carbon disk 
working electrode, Pt wire counter electrode, Ag/AgCl reference electrode. 
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 The rate of catalysis was assessed using methods developed by Delahay & 
Stiehl,40 Nicholson & Shain,41 and Savéant & Vianello,42 adapted for a multi-electron 
process.43,44  Equation 1, in scheme 2.3, relates the observed catalytic current (ic) to kobs, 
the observed rate constant at a given potential. The observed rate constant, kobs, is 
potential-dependent and is dependent on the amount of oxidized catalyst available (see 
section 2.6 for derivation and full details), analogous to Savéant's potential-dependent 
turnover frequency value.44,45 This equation provides the rate of catalysis under practical 
conditions—at any applied potential. The value kobs is also a lower limit of the rate 
constant describing “ideal” catalysis in which the rate is limited only by a chemical step 
(denoted kcat). Equation 1 requires that the catalytic current (ic) is independent of the scan 
rate; accordingly, catalyst 3 exhibits scan-rate independent current response above 250 
mV·s-1. 
!!!! = 2.24 !!!! !"!!! !! !!"#  (1) 
Scheme 2.3 Equation used to Calculate Electrochemical Rates 
 The rate of water oxidation at pH 7 increased with increasing overpotential, with a 
rate constant of 72 ± 10 s-1 at 1.7 V (0.9 V overpotential). The background contribution 
of water oxidation directly at the glassy carbon electrode was negligible under these 
conditions. 
For comparison, a previously reported Ru catalyst featuring a meridionally-bound 
tridentate ligand, [Ru(tpy)(bpy)(OH2)]2+ (4)15,16,18,25,37 was examined under identical 
conditions. The electrochemical current enhancement for catalyst 4 was less pronounced. 
Catalysis with kobs = 16 ± 5 s-1 was measured at 1.7 V vs. NHE (0.9 V overpotential). 
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Sustained catalysis was achieved through controlled potential electrolysis with 
planar tin-doped indium oxide (ITO) working electrodes. When solutions of 3 in aqueous 
0.1 M phosphate buffer at pH 7 were held at 1.8 V vs. NHE, a current density of 4.1 
mA·cm–2 was sustained for 2 hours, as shown in Figure 2.10A. During electrolysis, 
bubbles formed on the surface of the planar ITO electrode. The electrolysis could be 
carried out under N2 or air without significant changes.   
 
Figure 2.10 A: Controlled potential electrolysis (CPE) of solutions containing 
3 (red) and without catalyst (black) at 1.8 V vs. NHE. B: Headspace O2 
fluorescence detection during CPE of solutions containing 3 (red) and 
without catalyst (black). Conditions: 0.45 mM catalyst, 0.1 M phosphate at 
pH 7, 1.4 cm2 planar ITO electrode. 
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Oxygen in the headspace was quantified by a fluorescence sensor during 
controlled potential electrolysis (Figure 2.10B). To avoid false positives due to small 
leaks into an N2 atmosphere, controlled potential electrolysis was carried out under air, 
and the percentage of O2 present in the headspace monitored over time. After a short 
induction period attributed to mass transport of O2 from the solution near the electrode to 
the headspace, the oxygen content steadily increased during the course of the experiment, 
providing a 70% Faradaic efficiency. This value is likely a conservative estimate, as the 
cell invariably contained a small leak, as evidenced by a slow, steady decrease in O2 
content after release of the applied potential. The charge passed in a typical two-hour 
experiment corresponds to roughly 10 total turnovers. This value indicates that the 
system is indeed catalytic but does not reflect the true catalytic activity because most of 
the catalyst is inactive during controlled potential electrolysis in typical electrochemical 
cells with solution phase catalysts. 
The catalyst remained intact after electrolysis, despite observations that the bright 
yellow color of the starting solutions had faded considerably. Absorption spectra of the 
solution following catalysis corresponded nicely to the absorption spectrum of 
[RuIII(Py3PO)(bpy)(OH)]2+, suggesting a Ru(III) resting state during catalysis, rather than 
decomposition. Consistent with this hypothesis, CPE reduction of the solution after 
catalysis at 0.51 V vs. NHE re-formed 3 (Figure 2.11).  
! 37!
 
Figure 2.11 UV-vis spectra before and after controlled potential oxidative 
electrolysis, followed by reductive electrolysis. Conditions: 0.45 mM 3, pH 7 
0.1 M phosphate buffer, planar ITO working electrode, Pt wire counter 
electrode, Ag/AgCl reference electrode. 
 
The post-electrolysis solution could also be recycled When a fresh ITO electrode 
was used to carry out another catalytic run, by replacing the electrode in a solution that 
had just been electrolyzed,the current density and oxygen production were essentially the 
same as the first run (Figure 2.12 and 2.13).  The similar catalytic behavior between the 
two catalytic runs suggests that significant catalysts decomposition is not occurring in 
solution, or adsorption of any significant potion of the catalyst to the electrode surface.  
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Figure 2.12 Controlled potential electrolysis of 0.45 mM 3 at 1.8 V (red), 
followed by replacement of the ITO electrode with a fresh electrode and 
repeated electrolysis (blue) to test the recyclability of the catalyst. 
Background electrolyses containing no catalyst are shown in black. 
Conditions: pH 7 0.1 M phosphate buffer, planar ITO working electrode, Pt 
wire counter electrode, Ag/AgCl reference electrode. 
 
Figure 2.13 Oxygen percentages measured during controlled potential 
electrolysis of 0.45 mM 3 at 1.8 V (red), followed by replacement of the ITO 
electrode with a fresh electrode and repeated electrolysis (blue) to test the 
recyclability of the catalyst. Oxygen production from catalyst-free solutions 
shown in black. Conditions: pH 7 0.1 M phosphate buffer, planar ITO 
working electrode, Pt wire counter electrode, Ag/AgCl reference electrode. 
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A rinse test was performed on the original ITO electrode, but the electrode itself 
showed no detectable current above background levels after being gently rinsed with 
water and moved to a fresh aqueous buffer containing no catalyst (Figure 2.14).  These 
observations suggest that the catalytic activity of the system is not the result of the 
formation of a catalytically active film on the surface of the electrode. The rinse test and 
the recyclability of the catalysts solutions are consistent with a well-behaved 
homogeneous catalyst.  
 
 
Figure 2.14 Controlled potential electrolysis of 3 at 1.8 V (red). The ITO 
electrode was subsequently removed and rinsed with water before being used 
as the working electrode in an electrolysis of catalyst-free buffer solution 
(blue). Catalyst-free blackground (with fresh electrode) in black. Conditions: 
planar ITO working electrode, Pt wire counter electrode, Ag/AgCl reference 
electrode.  
! 40!
Section 2.5 pH Dependent Electrocatalysis  
 The electrocatalytic response increased dramatically as the pH increased towards 
pH 10, as shown in Figure 2.15. The two most striking features of the pH dependence are 
(a) a steady shift in the catalytic onset potential to less positive potentials with increasing 
pH; and (b) a steady increase in maximum current passed, eventually reaching a 5-fold 
enhancement at pH 9.77. A linear decrease in the overpotential required to achieve 40 µA 
of catalytic current was observed as the pH was raised (Figure 2.16). 
 
 
Figure 2.15 CV of 0.25 mM [Ru(Py3PO)(bpy)(OH2)]2+ at pH 7.00 (red), 7.35 
(yellow), 7.95 (green), 8.30 (teal), 9.32 (blue), and 9.77 (purple) at 100 mV·s−1. 
Conditions: 0.1 M phosphate, 3 mm glassy carbon working electrode, Pt wire 
counter electrode, Ag/AgCl reference electrode. 
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Figure 2.16 Plot of potential required to achieve 45 µA current vs. pH. A 
linear correlation with a 77 mV per pH unit slope is roughly as expected for a 
1H+/1e− PCET event. 
 
The observed catalytic rate constant at pH 10 was kobs =  73 ± 10 s−1 at 0.9 V 
overpotential — the same rate as observed for 0.9 V overpotential at pH 7. At higher 
overpotentials, the rate increased sharply, culminating in kobs = 780 ± 100 s−1 at 1.05 V 
overpotential.  While the background response at pH 7 is negligible, catalysis by glassy 
carbon can comprise up to ~25% of the current response at pH 10. The rate data at pH 10 
is conservatively estimated based on background-corrected data.  Catalyst 3 was the 
fastest Ru water oxidation catalyst at the time of publication.1  
 The catalytic rates were again compared directly with [Ru(tpy)(bpy)(OH2)]2+ (4). 
A rate constant of only 12 ± 5 s-1 was observed at 1.7 V (1.05 V overpotential) at pH 10. 
Despite the apparent similarities between the two Ru catalysts, the catalyst supported by 
the tripodal ligand operates more than 100 times faster at the same overpotential (Figure 
2.17). 
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Figure 2.17 CV of [Ru(Py3PO)(bpy)(OH2)]2+ (blue) and 
[Ru(tpy)(bpy)(OH2)]2+ (red) at 500 mV·s−1 (catalyst-free background in 
black). Conditions: pH 10, 0.1 M phosphate buffer, 3 mm glassy carbon disk 
working electrode, Pt wire counter electrode, Ag/AgCl reference electrode. 
 
 The potential of catalytic onset for [Ru(tpy)(bpy)(OH2)]2+ is essentially pH 
independent, such that higher overpotentials are required to achieve the same catalytic 
rate constant as the pH is increased. This pH-independent behavior is common to a 
number of water oxidation electrocatalysts,25 and is attributed to the mechanistic 
involvement of a pH-independent RuV=O/RuIV=O couple that precedes O–O bond 
formation.25 The thermodynamic potential of water oxidation shifts to less positive 
potentials by 59 mV per pH unit while moving to more basic pH, so a catalyst with a 
fixed onset potential will exhibit increasingly large overpotentials at higher pH values. 
Complex 3, on the other hand, retains good catalytic rates while maintaining a constant 
overpotential as the solution pH is increased.  
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Scheme 2.4 Depictions of Two Distinct Mechanistic Steps  
The mechanisms shown in Scheme 2.4 were considered as possible explanations 
for the unusual pH dependence in catalysis supported by 3. A plot of catalytic current (ic) 
vs. catalyst concentration was linear (Figure 2.18), as expected for a single-site 
mechanism. A general mechanistic picture involving nucleophilic attack of H2O on a 
high valent metal oxo has emerged.2,18,25,46 The atom–proton transfer (APT) mechanism 
(Scheme 2.4A), discovered by Meyer and coworkers, leads to significant rate 
enhancement by proton-accepting buffer bases.24,38,47 Phosphate could analogously act as 
a proton acceptor under our conditions, but in experiments where the concentration of 
phosphate was increased from 10 mM to 100 mM while maintaining pH 7 (0.5 M NaOTf 
electrolyte), no current enhancement was observed (Figure 2.19 and 2.20). 
 
M=O OH2
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Figure 2.18 CV without background correction (A) of 0.48 mM 3 (red), 0.26 
mM (green), 0.18 mM 3 (blue), and 0.13 mM 3 (pink), and in the absence of 
catalyst (black); and plot of ic vs. concentration of catalyst (B) at 1.71 V vs. 
NHE (background corrected). Conditions: 1 V·s-1 scan rate, 0.1 M pH 7 
phosphate buffer, 3 mm diameter glassy carbon disk working electrode, Pt 
wire counter electrode, Ag/AgCl reference electrode. 
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Figure 2.19 CV of 3 in 0.5 M NaOTf with added phosphate buffer (pH 6.8). 
Conditions: glassy carbon disk working electrode, Pt wire counter electrode, 
Ag/AgCl reference electrode. 
 
Figure 2.20 Current at 1.71 V vs. NHE plotted against phosphate 
concentration. 
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An alternative mechanism recently postulated by Fujita, Muckerman, and co-
workers involves concerted oxidation coupled with O–O bond formation (Scheme 2B).48 
A 59 mV per pH unit dependence on the catalytic onset potential was observed, assigned 
to hydroxide-promoted O–O bond formation coupled to oxidation of RuIV=O to RuV=O. 
Current data is inconsistent with an APT pathway (Scheme 2.4A), and may be consistent 
with the pathway of Scheme 2.4B, but further studies are needed to fully elucidate the 
mechanism. 
A new ruthenium complex supported by the tripodal ligand tris(2-
pyridyl)phosphine oxide exhibits excellent electrocatalytic activity for water oxidation at 
neutral and basic pH. The catalyst [Ru(Py3PO)(bpy)(OH2)]2+ (3) exhibits typical PCET 
oxidation events to reach the Ru(IV) state, followed by a dramatic current enhancement 
reflective of water oxidation with rates approaching 1000 s−1. The uncommon pH-
dependent catalytic onset allows for improved catalytic rates while maintaining a 
constant overpotential upon moving to more basic conditions.  
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Section 2.6 Electrokinetic Analysis  
Catalytic rates were estimated by analysis of CV data. A glassy carbon working 
electrode, Pt wire counter electrode, and Ag/AgCl reference electrode were utilized. The 
electrolyte was 0.1 M phosphate buffer, pH adjusted using concentrated NaOH or H3PO4.  
 Electrocatalytic rate constants were estimated using methods developed by 
Delahay & Stiehl,40 Nicholson & Shain,41 and Savéant & Vianello,42 adapted for a multi-
electron process.43,44 The catalytic response (ic) can be described by equation 2, where nc 
is number of electrons (4) transferred to the electrode in the catalytic event, np is number 
of electrons (1) transferred to the electrode in the oxidation in the absence of catalysis, F 
is Faraday’s constant, A is the electrode area, CPº is the bulk concentration of catalyst, D 
is the diffusion coefficient, kcat is the (first order or pseudo-first order) rate constant for 
the chemical step after electron transfer, Eº is the potential of the oxidation that triggers 
catalysis, and E is the applied potential. Note that the (Eº − E) term refers to an oxidative 
process; the same term is switched for a reductive process, (E − Eº). Plotting equation 2 
as a function of potential yields the familiar “S-shaped” catalytic response, with a 
potential-independent plateau at applied potentials significantly positive of the oxidation 
potential of the EC' process. 
!! = !!!"!!! !!!"#!!!!!!!" (!!!!)    (2) 
Scheme 2.5 Equation Describing Catalytic Current  
 This equation for ic was originally derived with the following assumptions: (a) 
electron transfer processes between the electrode and the molecular species are rapid, and 
reactions are diffusion controlled (Nernstian behavior); (b) the substrate is present in 
large excess relative to the catalyst; (c) the chemical step is quantitative (high-yielding) 
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and rate-limiting (slow relative to electron transfer processes); and (d) electron transfer 
occurs only between a molecular species and the electrode (no homogeneous electron 
transfer processes, e.g. disproportionation).  
 The experimental data are consistent with the foregoing conditions being met 
when sufficiently high scan rates are employed. Note that equation 2 does not contain a 
term for scan rate: the current response should be independent of scan rate in order to 
apply this equation. In accord with this requirement, the current (i) was independent of 
scan rate for [Ru(Py3PO)(bpy)(OH2)]2+ (3) (Figure 2.21) and [Ru(tpy)(bpy)(OH2)]2+ (4) 
(Figure 2.22) above about 250 mV·s-1. To avoid complications from increasing 
background current at higher scan rates, background-subtracted data was used (the 
background comprised less than 30% of the total current response in all cases).  
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Figure 2.21. (A) CV of 0.26 mM 3 as a function of scan rate, as indicated in 
the plot; (B) ic (at 1.71 V vs. NHE) vs. scan rate with 0.13 mM 3 (filled red 
circles), 0.18 mM 3 (empty green squares), 0.26 mM 3 (filled blue triangles), 
and 0.48 mM 3 (empty purple diamonds); (C) ic (at 1.56 V vs. NHE) vs. scan 
rate with 0.13 mM 3 (filled red circles), 0.18 mM 3 (empty green squares), 
0.26 mM 3 (filled blue triangles), and 0.48 mM 3 (empty purple diamonds). 
Data for ic is the average of two background-subtracted CV experiments. 
Conditions: pH 10, 0.1 M phosphate buffer, 3 mm glassy carbon disk 
working electrode, Pt wire counter electrode, Ag/AgCl reference electrode. 
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Figure 2.22. (A) CV of 0.5 mM [Ru(tpy)(bpy)(OH2)]2+ (4) at 250 mV/s; (B) 
plot of ic (at 1.71 V vs. NHE) vs. scan rate. Data for ic is the average of two 
background-subtracted CV experiments. Conditions: pH 10, 0.1 M 
phosphate buffer, 3 mm glassy carbon disk working electrode, Pt wire 
counter electrode, Ag/AgCl reference electrode. 
 
 Any region of the wave can be analyzed quantitatively according to Equation 2 — 
although this requires the diffusion coefficient and the potential of the relevant oxidation 
process, which are not known for our catalysts.45 Equation 3 in which catalytic current (ic, 
Scheme 2.5) is divided by the Randles-Sevcik equation (ip, which describes the scan rate 
dependence of the peak current for a reversible, non-catalytic oxidation), provides an 
expression that contains kcat over the full potential range without requiring knowledge of 
the diffusion coefficient (D) or precise electrode area (A).  
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!!!! = !.!"!!!! !"!!!" !!"#!!!!!!!" (!!!!)    (3) 
Scheme 2.6 Equation for Catalytic Current Divided by Randles-Sechik 
Equation 
 
 Equation 3 can be re-arranged to provide Equation 4, where ic is the catalytic 
current, ip is the current for the non-catalytic initial one-electron oxidation of 3, nc is 
number of electrons (4) transferred in the catalytic event, np is the number of electrons (1) 
transferred in the non-catalytic event, kcat is the rate constant for the chemical step after 
electron transfer, and ν is the scan rate: 
!!!! = 2.24 !!!! !"!!! !! !!"#  (4) !!"# = !!"#(!!!!!!!" !!!! )!  (5) 
Scheme 2.7 Equations 4 and 5  
 Equations 4 and 5 illustrate that the observed current along the S-shaped curve is 
a reflection of the amount of activated (oxidized) catalyst that is available according to 
the Nernstian equilibria contained in the denominator. In the plateau region, kobs = kcat, 
because the exponential term in Equation 5 becomes negligible at large values of E. This 
simplified treatment is often employed, and provides information about the rate constant 
of an important chemical step. In the present case, potentials sufficiently positive to reach 
the plateau region could not be achieved due to increasing background water oxidation at 
the carbon electrode. 
 Experimental studies involved determination of kobs for the Ru catalysts 3 (Table 
2.1) and 4 (Table 2.2) according to Equation 4. To obtain kobs, the highest achieved 
current (found at the most positive potentials) was taken as ic in Equation 4. Values of 
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kobs are the average of two data sets, obtained at scan rates where the catalytic current was 
invariable (>250 mV/s). The current heights for ip and ic was measured relative to the 
baseline level of the first oxidation feature (Figure 2.23). Background corrections were 
made as discussed above. 
 
Table 2.1. Values of kobs determined from ic/ip method at pH 10. The three 
higher concentration values were used to estimate the rate constant because 
the data were approximately concentration-independent in this range. 
Uncertainty is estimated based on the variation across multiple data sets in 
the scan rate independent region. 
 
Concentration of 3 (mM) 
kobs (s−1) 
at 1.56 V 
kobs (s−1) 
at 1.71 V 
0.13 38  245  
0.18 56 
73 ± 10 
627 
780 ± 100 0.26 79 885 
0.48 85 833 
 
 
Table 2.2. Catalytic rate constants for [Ru(tpy)(bpy)(OH2)]2+ (4) at pH 7 and 
10. Uncertainty is estimated from variation in scan rate independent region. 
 
pH kobs (s
−1) 
at 1.71 V 
7 16 ± 5 
10 12 ± 5 
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Figure 2.23 Example CV showing baseline method used to determine ic (8.7 
µA) and ip (526.9 µA), with potential scale vs. Ag/AgCl.!
 
 
 Two important points about the observed rate constant should be emphasized. 
First, kobs provides a lower limit of kcat (kobs < kcat in all cases). This makes comparisons 
to TOF values and kcat values possible, as the chemical step (e.g. O−O bond formation) 
must be even faster than the observed rate constant (underscoring the impressive rates 
achieved by catalyst 3). Second, kobs provides a practical, overall rate constant at a 
particular applied potential (distinct from kcat, which only relates to the chemical step, at 
high applied potentials). The observed rate constant is valuable because catalytic 
performance and eventual device performance are dictated by the ability to reach a 
particular applied potential. Savéant has promoted the utility of a related metric, the 
potential-dependent turnover frequency (TOF), which also provides rate information 
under conditions of a specific potential (although this approach could not be implemented 
here because we cannot determine Eº).45   
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 That kobs < kcat can be seen mathematically in Equation 5. In short, the 
denominator is a unitless term of magnitude greater than or equal to 1, so the value of kobs 
(units of s−1) provides a lower limit of the rate constant governing the chemical step 
following electron transfer, kcat. To illustrate this point, a catalytic response was 
simulated according to Equation 2 with the following parameters: n = 4, !!!  = 
0.00000025 mol·cm−3, D = 3 x 10-6 cm2·s−1, Eº = 1.6 V, T = 298 K, and kcat = 1000 s−1. 
The same parameters indicate that ip = 0.76 (ν = 500 mV/s). In this simulation, sweeping 
to a potential of at least 1.75 V would be required to obtain an accurate value of kcat, 
which is not possible due to the competing electrode reactions at such positive potentials. 
 Figure 2.24 shows that when ic is taken as the current at 1.8 V, solving Equation 4 
yields kobs = 1000 s−1. Using the ic value at 1.65 V, however, yields kobs = 765 s−1, and 
using the ic value at 1.6 V yields kobs = 230 s−1. It is apparent that the rate constants 
obtained at less positive potentials underestimate the intrinsic rate constant. The kobs 
values reported here are therefore taken as lower limits of kcat, reflective of the apparent 
rate for the given applied potentials. Furthermore, Figure 2.24 illustrates that the forcing 
positive potentials required to reach the plateau are not achievable; therefore kcat has little 
practical significance, as an electrochemical or photoelectrochemical device would be 
operating in a regime where electron transfer equilibria were involved in determining the 
observed rate (and thus kobs). 
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Figure 2.24. Simulated catalytic response for an electrocatalytic oxidation 
with kcat = 1000 s–1. When the ic value is taken from the plateau region (black 
trace), kobs = kcat. When potentials positive enough to observe the plateau 
region are not attainable, the highest current value can be taken as a lower 
limit of the rate constant (kobs). If the sweep ends shortly before the plateau is 
reached (blue trace), then kobs will be a reasonable estimate of kcat. If the 
sweep ends well before the plateau is reached (red trace), then kobs is not a 
good estimate of kcat, but instead provides a lower limit and a practical rate 
constant under relevant conditions of applied potential. 
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Section 2.7 Hydrogen Peroxide as an Intermediate Toward Water Oxidation 
 The combination of evidence suggesting catalyst 3 was operating through a 
mechanism different from those typically seen for molecular ruthenium catalysts15 raised 
questions about the selectivity of the catalyst.  The pH dependence of the system and 
some changes in Faradaic efficiencies observed when changing catalysts concentration or 
solution pH raised the possibility of free hydrogen peroxide as an intermediate during 
electrocatalysis.  Following a bulk electrolysis of catalyst 3 in pH 10 phosphate buffer, a 
peroxide test strip qualitatively indicated the presence of a low concentration of hydrogen 
peroxide.  
 Following a typical bulk electrolysis experiment where a solution of aquo 
complex 3 is electrolyzed at 1.6 V vs Ag/AgCl for two hours a color change is observed 
from orange to a lighter yellow color.  This color change can be observed by UV-Vis 
spectroscopy as shown in Figure 2.25.  The major catalyst species present following a 
bulk electrolysis at oxidizing potentials is the ruthenium (III) hydroxide species that 
results from removal of one proton and one electron from the ruthenium aquo complex 3.  
Reduction of this light yellow solution at 0.3V vs Ag/AgCl resulted in the reformation of 
3 as observed by UV-Vis (Figure 2.25). 
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Figure 2.25 Bulk electrolysis solution before and after catalysts followed by 
reduction to regenerate aquo complex (3).  0.45mM aquo (3) in pH 7 100 mM 
phosphate buffer:  (black) before Oxidation, (red) after oxidation for 2 hrs at 
1.6 V vs Ag/AgCl, (blue) trace following reduction at 0.3 V vs Ag/AgCl for 1 
hr, (purple) following reduction at 0.3V vs Ag/AgCl for 2.5 hrs.  
 
 Electrolyzed solutions of catalyst 3 that were left exposed to air overnight were 
observed to return to the darker orange color indicative of the ruthenium(II).  The kinetics 
of this reduction were monitored by UV-Vis spectroscopy showing a long induction 
period followed by rapid conversion to the ruthenium(II) species 3 (Figure 2.26).  The 
ruthenium(III) state of polypyridal ruthenium complexes are often reported to be stable to 
air in aqueous solution.49  There are reports of ruthenium(III) species acting as catalysts 
for the disproportionation of H2O2 to form O2 and H2O.50  
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Figure 2.26 Kinetics of Reduction in Air  
 The addition of hydrogen peroxide to solutions of electrochemically generated 
ruthenium(III) hydroxide resulted in the rapid reformation of the aquo complex 3.  Over 
the same period of time no change was observed in a sample that did not have hydrogen 
peroxide added, but over the course of 12 hours, samples without added peroxide also 
returned to the ruthenium (II) state, 3.  
 
Figure 2.27 Addition of Hydrogen Peroxide to Oxidized Solution  
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 In order to test for the production of hydrogen peroxide a chemical assay was 
used.  In the chemical test hydrogen peroxide present in solution is converted to a peroxyl 
radical by reaction with sorbitol.  This peroxyl radical species then initiates the oxidation 
of iron (II) present in solution as ammonium ferrous sulfate.  The generated iron (III) 
forms a strongly absorbing purple complex by reacting with xylenol orange dye.  The 
absorbance of this species can be monitored to determine the concentration of hydrogen 
peroxide present in the analyte solution.51  This chemical test was calibrated by serial 
dilutions of a 30% solution of hydrogen peroxide with 100 mM pH 7 phosphate buffer 
(Figure 2.28).  
 
Figure 2.28 Hydrogen Peroxide Test Calibration  
 
 Following a two hour bulk electrolysis of catalysts 3, a chemical test for hydrogen 
peroxide in solution was performed.  A portion of the electrolyzed solution was added to 
a cuvette containing a preparation of the hydrogen peroxide assay.  The increase in 
! 60!
absorption near 600 nm was an indication that a small concentration of hydrogen 
peroxide was present in solution (Figure 2.29).  When a sample of equal concentration of 
aquo complex 3 was added to the assay no significant spectral changes were observed 
(Figure 2.30).  
 
Figure 2.29 Chemical Test for Hydrogen Peroxide Following Electrolysis  
 
 
Figure 2.30 Control of Chemical Test with Ru(II) Species  
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Initial observations and the result of chemical tests indicated the possibility of 
hydrogen peroxide generation during turnover of water oxidation catalyzed by 3.  The 
kinetics of the reduction of ruthenium (III) to aquo complex 3 are not yet well understood 
but additional experiments indicated that hydrogen peroxide may play a role in this 
reaction.  The generation of low concentrations of hydrogen peroxide during catalysis 
may have interesting implications into the mechanism of the catalysts 3.  Attempts to 
tune the selectivity of the catalysts for hydrogen peroxide formation over oxygen 
generation though modifications of solution conditions or applied potentials are 
forthcoming.  
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Section 2.8 Experimental  
All reactions were carried out under air, unless otherwise noted. When required, 
air- and moisture-sensitive compounds were manipulated using standard vacuum line or 
Schlenk techniques or in a glovebox under a nitrogen atmosphere. Solvents used in air-
sensitive reactions were degassed by three freeze-pump-thaw cycles or by thorough 
sparging with N2. All deuterated solvents were purchased from Cambridge Isotopes 
Laboratories, Inc. The ligand Py3PO,28 [Ru(η6-C6H6)(Cl)2]2,33 and 
[Ru(tpy)(bpy)(OH2)]2+,49 were synthesized according to literature procedures. All other 
materials were commercially available and used as received, unless otherwise noted. 1H, 
13C, 19F, and 31P NMR spectra were recorded on 400 MHz or 600 MHz spectrometers at 
room temperature. Chemical shifts are reported with respect to residual protio solvent for 
1H and 13C NMR spectra (except for D2O solutions, which are reported relative to a 
dioxane internal standard).52 31P NMR spectra were referenced to a 85% H3PO4 external 
standard (0 ppm). UV-Vis spectra were collected with a Cary 60 spectrophotometer or an 
Ocean Optics USB2000+ spectrometer with a DT-MINI-2GS deuterium/tungsten-
halogen light source. Single-crystal X-ray diffraction was collected on a Bruker SMART 
APEX II diffractometer using Cu radiation. Elemental analyses were performed by 
Robertson Microlit Laboratories of Ledgewood, NJ.   
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Experimental Procedures 
Synthesis of [Ru(κ2-Py3PO)(η6-C6H6)(Cl)][PF6] (1).  
The Ru dichloride benzene dimer was selected as a starting material based on previous 
reports providing facile access to Ru polypyridyl chloride complexes.53-55 A 20 mL vial 
was charged with 90 mg (0.178 mmol) [Ru(η6-C6H6)(Cl)2]2, 100 mg (0.356 mmol) 
Py3PO, 59 mg (0.356 mmol) NH4PF6, 5 mL water, and 5 mL MeOH. The resulting red-
orange suspension was heated at 40 °C for 2 h.  The solution gradually took on a deep 
green color and a fine yellow precipitate developed. The yellow powder was collected by 
filtration, washed with water and diethyl ether, and dried under vacuum to afford 167 mg 
(71% yield) of analytically pure 1. 1H NMR (CD3CN, 600 MHz): δ 9.48 (d, J = 5.72 Hz, 
2H), 8.75 (d, J = 4.56 Hz, 1H), 8.64 (t, J = 6.85 Hz, 1H), 8.27 (m, 1H), 7.93 (m, 2H), 
7.79 (m, 1H), 7.68 (m, 2H), 7.27 (t, J = 7.84 Hz, 2H), 5.97 (s, 6H). 13C{1H} (CD3CN, 151 
MHz): 160.94 (d, J = 10.08 Hz), 156.15 (d, J = 121.62 Hz), 152.11 (d, J = 21.37 Hz), 
149.39 (d, J = 146.49 Hz), 140.15 (d, J = 9.79 Hz), 138.77 (d, J = 9.97 Hz), 133.58 (d, J 
= 21.24 Hz), 132.34 (d, J = 19.84 Hz), 129.13 (d, J = 2.51 Hz), 129.05 (d, J = 3.35 Hz), 
89.62 (s). 31P{1H} (CD3CN, 243 MHz): δ 19.44. Elemental analysis calcd. for 
C21H18ClF6N3OP2Ru: C 39.36, H 2.83, N 6.56. Found: C 39.20, H 3.03, N 6.51. 
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Figure 2.31. 1H NMR spectrum of [Ru(κ2-Py3PO)(η6-C6H6)(Cl)][PF6] (1) in 
CD3CN. 
 
Figure 2.32. 13C{1H} NMR spectrum of [Ru(κ2-Py3PO)(η6-C6H6)(Cl)][PF6] (1) in 
CD3CN.  
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Figure 2.33. 31P{1H} NMR spectrum of [Ru(κ2-Py3PO)(η6-C6H6)(Cl)][PF6] (1) 
in CD3CN. 
 
Synthesis of [Ru(κ3-Py3PO)(bpy)(Cl)][PF6] (2).  
In a N2 glovebox, 203 mg (0.317 mmol) [Ru(κ2-Py3PO)(η6-C6H6)Cl][PF6] (1) and 50 mg 
(0.320 mmol) 2,2'-bipyridine were added to a 20 mL vial along with 5 mL of degassed 
dimethylformamide. The vial was sealed, removed from the glovebox, and heated at 80 
°C with stirring for 5 h. After being allowed to cool, the deep red solution was transferred 
to a flask for work up in air. Diethyl ether (100 mL) was added and the solution was 
cooled to -15 º C. After 16 hours, a gummy red precipitate was collected by filtration. 
Crude 2 was purified by silica gel column chromatography (CH2Cl2:CH3OH 9:1). 
Analytically pure deep-red crystals of 2 (97 mg, 43% yield) were obtained by 
recrystallization from dichloromethane layered with diethyl ether (at 25 ºC). 1H NMR 
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(CD2Cl2/CD3OD, 600 MHz): δ 9.31 (d, J = 5.66 Hz, 2H), 8.64 (d, J = 8.09 Hz, 2H), 8.46 
(t, J = 7.12 Hz, 2H), 8.38 (t, J = 6.85 Hz, 1H), 8.17 (m, 4H), 8.03 (d, J = 6.39 Hz, 2H), 
7.90 (m, 1H), 7.70 (m, 2H), 7.51 (m, 2H), 7.04 (m, 2H).  13C{1H} NMR 
(CD2Cl2/CD3OD, 151 MHz): δ 160.92 (d, J = 11.61 Hz), 160.82 (s), 157.29 (d, 11.84), 
154.41 (s), 153.76 (d, J = 131.05 Hz), 152.77 (d, J = 130.97 Hz), 139.92 (s), 139.01 (d, J 
= 9.22 Hz), 136.03 (d, J = 9.29 Hz), 133.08 (d J = 15.77 Hz), 132.13 (d, J = 16.70 Hz), 
130.20 (d, J = 2.22 Hz), 130.12 (d, J = 2.32 Hz), 128.24 (s) 126.22 (s). 31P{1H} NMR 
(DMSO-d6, 243 MHz): δ 1.96. ESI–MS calcd. for C25H20ClN5OPRu+: 574.01. Found: 
574.01 (m/z).  Elemental analysis calcd. for C25H20ClF6N5OP2Ru: C 41.51, H 2.98, N 
9.48. Found: C 41.77, H 2.80, N 9.74.  
 
Figure 2.34. 1H NMR spectrum of [Ru(κ3-Py3PO)(bpy)(Cl)][PF6] (2) in 
CD2Cl2/CD3OD. 
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Figure 2.35. 13C{1H} NMR spectrum of [Ru(κ3-Py3PO)(bpy)(Cl)][PF6] (2) in 
CD2Cl2/CD3OD.  
 
Figure 2.36 31P{1H} NMR spectrum of [Ru(κ3-Py3PO)(bpy)(Cl)][PF6](2) DMSO-d6. 
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Figure 2.37 UV-vis spectrum of [Ru(κ3-Py3PO)(bpy)(Cl)][PF6] (2) in MeOH. 
 
Synthesis of [Ru(κ3-Py3PO)(bpy)(OH2)]2+ (3).  
A vial was charged with 0.0185 g (0.0257 mmol) 2 and 0.0115 g (0.476 mmol) AgOTf as 
a solution in 10 mL of H2O. The resulting suspension was sonicated until it was nearly 
homogeneous and then was heated at 40 °C for 2.5 hrs. After heating, the bright orange 
mixture was filtered, leaving behind white solids. The orange filtrate was either used 
directly to make stock solutions for electrocatalytic characterization, or evaporated to 
dryness to isolate solids. In some cases, incomplete anion exchange was observed, such 
that a mix of PF6− and OTf− counter ions was present. 1H NMR (D2O, 600 MHz): δ 8.87 
(d, J = 5.65 Hz, 2H), 8.76 (d, J = 8.23 Hz, 2H), 8.49 (t, J = 7.40 Hz, 2H), 8.29 (m, 5H), 
8.22 (d, J = 5.45 Hz, 2H), 7.90 (m, 1H), 7.82 (t, J = 6.57 Hz, 2H), 7.58 (t, J = 6.56 Hz 
2H), 7.18 (d, J = 5.82 Hz, 1H), 6.98 (t, J = 6.73 Hz, 1H). 31P{1H} (D2O, 243 MHz): δ 
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3.61 (s). 13C{1H} (D2O, 151): δ 158.73 (s), 157.36 (d, J =  12.36 Hz), 157.24 (d, J = 
13.77 Hz), 154.09 (s), 151.88 (d, J = 135.93 Hz) 150.85 (d, J = 134.34 Hz),  139.32 (s), 
138.48 (d, J = 9.02 Hz), 136.55 (d, J = 10.00 Hz), 131.41 (d, J = 16.20 Hz), 131.07 (d, J 
= 15.93 Hz), 129.36 (s), 128.58 (s), 127.38 (s). ESI−MS calcd. for C25H22N5O2Ru2+: 
278.53. Found: 278.41 (m/z).  
 
Figure 2.38 1H NMR spectrum of [Ru(κ3-Py3PO)(bpy)(OH2)]2+ (3)  in D2O. 
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Figure 2.39 13C{1H} NMR spectrum of [Ru(κ3-Py3PO)(bpy)(OH2)]2+ (3)  in 
D2O containing phosphate buffer (dioxane internal standard at δ  67.19). 
 
 
Figure 2.40 31P{1H} NMR spectrum of [Ru(κ3-Py3PO)(bpy)(OH2)]2+ (3) in 
D2O. 
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Figure 2.41 UV-vis spectrum of [Ru(κ3-Py3PO)(bpy)(OH2)]2+ (3) in H2O. 
 
Electrochemical Procedures. Electrochemical studies were carried out in N2-sparged 
solutions, except where noted. Glassy carbon disc (3 mm diameter) or planar ITO (1.4 
cm2 plates) working electrodes were used. Platinum wire counter electrodes and Ag/AgCl 
reference electrodes were used, unless otherwise noted. The supporting electrolyte was 
0.1 M phosphate (NaH2PO4/Na2HPO4) buffer (unless otherwise noted). Pourbaix 
diagrams were constructed based on potentials derived from differential pulse 
voltamagrams, pH adjusted with NaOH or H3PO4 and measured using a pH electrode. 
Controlled potential electrolysis was carried out in a two-compartment cell with a 
Ag/AgCl reference and platinum wire counter electrode on one side and a planar ITO 
working electrode on the other. Both sides of the cell were sealed with septa. For oxygen 
detection trials, the probe was inserted through the septa on the working electrode side of 
the cell.  
! 72!
 
Oxygen Detection. Oxygen was detected using a SEOX probe with a NeoFox 
fluorescence detector positioned in the headspace of the controlled potential electrolysis 
cell. In a typical experiment, a solution of catalyst (0.45 mM) in pH 7 phosphate buffer 
(0.1 M) was held at 1.81 V vs. NHE for two hours. The percentage of oxygen in the 
headspace was monitored based on the fluorescence response, with a 2% increase in O2 
content typical for most catalytic runs. Background runs run under the same conditions 
without added catalyst showed no observable change in the headspace O2 concentration.  
 
ESIMS Analysis. ESI-MS measurements were performed using a Micromass Triple 
Quadrupole Mass Spectrometer with an Advion TriVersa NanoMate. Samples in organic 
solvents were diluted with 70:30 mixtures of methanol and water before injection. 
Samples in phosphate buffer were diluted with HPLC H2O before injection. All samples 
were analyzed in the positive ion mode. 
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Crystallographic Details Single-crystal X-ray diffraction of 2 was collected on a Bruker 
APEX-II CCD diffractometer. The crystal was kept at 100 K during data collection. The 
frames were integrated with the Bruker SAINT© software in APEX II. A numerical 
absorption correction was used, and the structure was solved by direct methods using the 
SHELXTL software suite. Final structural refinement was performed with the SHELXL 
refinement program in Olex2 using Least Squares minimization.56 A disordered 
dichloromethane solvent molecule was modeled by using partial occupancy. Cl4 and C27 
have 0.34511 occupancy and Cl6 and C28 have 0.65489 occupancy.  
 
 
Figure 2.42. Structure of 2 with atom labels.   
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Crystal data and structure refinement for 2 (p1bar_a)  
 
Identification code  p1bar_a  
Empirical formula  C27H24Cl5F6N5OP2Ru  
Formula weight  888.77  
Temperature/K  100.15  
Crystal system  triclinic  
Space group  P-1  
a/Å  11.14450(10)  
b/Å  12.05480(10)  
c/Å  14.8726(2)  
α/°  67.1970(6)  
β/°  84.9420(6)  
γ/°  67.0250(6)  
Volume/Å3  1691.09(3)  
Z  2 
ρcalcmg/mm3  1.745  
m/mm-1  8.877  
F(000)  884.0  
Crystal size/mm3  0.253 × 0.15 × 0.14  
Radiation  CuKα (λ = 1.54178)  
2Θ range for data collection  6.464 to 140.126°  
Index ranges  -13 ≤ h ≤ 13, -14 ≤ k ≤ 13, -18 ≤ l ≤ 17  
Reflections collected  20592  
Independent reflections  6160 [Rint = 0.0409, Rsigma = 0.0372]  
Data/restraints/parameters  6160/166/443  
Goodness-of-fit on F2  1.042  
Final R indexes [I>=2σ (I)]  R1 = 0.0383, wR2 = 0.0898  
Final R indexes [all data]  R1 = 0.0458, wR2 = 0.0940  
Largest diff. peak/hole / e Å-3  1.93/-1.19  
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Bond lengths  
Ru1 Cl1 2.4155(8) C11 C12 1.391(5) 
Ru1 N3 2.099(3) C5 C4 1.384(5) 
Ru1 N5 2.071(3) C21 C20 1.481(5) 
Ru1 N2 2.088(3) C21 C22 1.388(5) 
Ru1 N4 2.052(3) C6 C7 1.376(5) 
Ru1 N1 2.071(3) C20 C19 1.381(5) 
P1 O1 1.476(3) C10 C9 1.380(5) 
P1 C5 1.802(4) C2 C3 1.377(6) 
P1 C10 1.808(3) C2 C1 1.391(5) 
P1 C15 1.794(4) C25 C24 1.381(5) 
P2 F6 1.612(2) C22 C23 1.386(6) 
P2 F3 1.594(2) C19 C18 1.389(6) 
P2 F4 1.592(2) C14 C15 1.389(5) 
P2 F5 1.595(3) C14 C13 1.384(6) 
P2 F2 1.589(3) C24 C23 1.384(6) 
P2 F1 1.596(3) C12 C13 1.386(6) 
Cl2 C26 1.773(4) C9 C8 1.385(5) 
N3 C11 1.339(5) C17 C18 1.384(6) 
N3 C15 1.360(5) C17 C16 1.376(5) 
N5 C21 1.366(5) C4 C3 1.380(5) 
N5 C25 1.341(5) C7 C8 1.382(6) 
N2 C6 1.353(5) C26 Cl3 1.768(4) 
N2 C10 1.356(5) C27 Cl5 1.440(17) 
N4 C20 1.364(4) C27 Cl4 1.713(17) 
N4 C16 1.350(5) Cl5 C28 1.576(10) 
N1 C5 1.351(5) Cl6 C28 1.762(8) 
N1 C1 1.348(5)    
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Bond angles  
N3 Ru1 Cl1 88.16(8) C20 N4 Ru1 116.3(2) 
N5 Ru1 Cl1 87.83(8) C16 N4 Ru1 125.9(2) 
N5 Ru1 N3 173.84(12) C16 N4 C20 117.7(3) 
N5 Ru1 N2 97.21(11) C5 N1 Ru1 121.7(2) 
N5 Ru1 N1 91.17(11) C1 N1 Ru1 121.5(2) 
N2 Ru1 Cl1 88.54(8) C1 N1 C5 116.7(3) 
N2 Ru1 N3 87.36(11) N3 C11 C12 123.2(3) 
N4 Ru1 Cl1 90.74(8) N1 C5 P1 116.8(3) 
N4 Ru1 N3 96.73(11) N1 C5 C4 123.7(3) 
N4 Ru1 N5 78.65(12) C4 C5 P1 119.4(3) 
N4 Ru1 N2 175.82(11) N5 C21 C20 114.5(3) 
N4 Ru1 N1 87.46(12) N5 C21 C22 122.0(3) 
N1 Ru1 Cl1 178.08(9) C22 C21 C20 123.4(3) 
N1 Ru1 N3 92.71(11) N2 C6 C7 123.1(3) 
N1 Ru1 N2 93.21(12) N4 C20 C21 114.4(3) 
O1 P1 C5 113.18(17) N4 C20 C19 121.9(3) 
O1 P1 C10 113.54(16) C19 C20 C21 123.6(3) 
O1 P1 C15 114.88(16) N2 C10 P1 116.7(3) 
C5 P1 C10 106.54(16) N2 C10 C9 123.6(3) 
C15 P1 C5 104.97(16) C9 C10 P1 119.5(3) 
C15 P1 C10 102.72(16) C3 C2 C1 119.8(3) 
F3 P2 F6 179.87(18) N5 C25 C24 122.8(4) 
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F3 P2 F5 90.30(14) C23 C22 C21 119.2(4) 
F3 P2 F1 90.58(14) C20 C19 C18 119.6(4) 
F4 P2 F6 89.79(13) C13 C14 C15 119.1(3) 
F4 P2 F3 90.29(13) N3 C15 P1 117.0(3) 
F4 P2 F5 89.57(15) N3 C15 C14 122.6(3) 
F4 P2 F1 179.12(15) C14 C15 P1 120.4(3) 
F5 P2 F6 89.80(14) C25 C24 C23 119.4(4) 
F5 P2 F1 90.27(17) C13 C12 C11 118.8(4) 
F2 P2 F6 89.74(13) C10 C9 C8 119.3(4) 
F2 P2 F3 90.16(14) C16 C17 C18 119.3(4) 
F2 P2 F4 89.72(15) C3 C4 C5 118.7(4) 
F2 P2 F5 179.16(18) C17 C18 C19 118.6(4) 
F2 P2 F1 90.43(18) C6 C7 C8 120.0(3) 
F1 P2 F6 89.34(14) C24 C23 C22 118.7(3) 
C11 N3 Ru1 121.6(2) N4 C16 C17 122.9(3) 
C11 N3 C15 117.4(3) C7 C8 C9 117.8(4) 
C15 N3 Ru1 121.0(2) C14 C13 C12 118.9(3) 
C21 N5 Ru1 115.3(2) C2 C3 C4 118.5(4) 
C25 N5 Ru1 126.6(2) N1 C1 C2 122.4(3) 
C25 N5 C21 117.8(3) Cl3 C26 Cl2 111.7(2) 
C6 N2 Ru1 122.6(2) Cl5 C27 Cl4 107.9(9) 
C6 N2 C10 116.2(3) Cl5 C28 Cl6 114.1(6) 
C10 N2 Ru1 121.2(2) 
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Chapter 3 Electrochemical and Chemical Routes to Hydride Loss from an Iridium 
Dihydride 
 
Reproduced in part from, Walden, A. G.; Kumar, A.; Lease, N.; Goldman, A. S.; Miller, 
A. J. M. “Electrochemical and Chemical Routes to Hydride Loss from an Iridium 
Hydride.” Dalton Trans. 2016, 45, 9766. with permission from the Royal Society of 
Chemistry. 
 
Section 3.1 Introduction  
Iridium complexes supported by tridentate PCP pincer ligands are prolific 
dehydrogenation catalysts, enabling landmark transformations such as the 
dehydrogenation,1,2 metathesis,3 coupling4,5 and dehydroaromatization6 of alkanes.7 
 Efficient dehydrogenation reactions require a sacrificial hydrogen acceptor, 
typically an olefin. The hydrogen acceptor alters the overall reaction thermodynamics and 
activates the iridium dihydride species.7-9  In transfer dehydrogenation, catalyst activation 
occurs by insertion of the sacrificial olefin into one Ir–H bond, followed by C–H bond-
forming reductive elimination with the other Ir–H bond, generating a highly reactive 14e– 
intermediate capable of alkane C–H bond activation (Scheme 3.1). 
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Scheme 3.1 Alkane Dehydrogenation Catalytic Cycle  
 The requirement of an added stoichiometric reagent represents a significant 
limitation in dehydrogenation reactions, and much effort has been focused on 
acceptorless dehydrogenation methods that generate H2 as a co-product.8,10 In considering 
new strategies to promote dehydrogenation reactions, we were drawn to electrochemical 
methods that could decouple the catalyst activating and hydrogen accepting steps. We 
envisioned electrochemical oxidation of (PCP)Ir(H)2 at an anode would generate a 
catalytic intermediate while releasing 2H+/2e– (Scheme 3.1) that could be used to drive 
any range of reactions at the cathode. Acceptorless dehydrogenation of the catalyst by the 
loss of 2H+/2e– at the surface of an electrode could be a major development toward 
expanding the value and applicability of dehydrogenation reactions catalyzed by 
transition metal complexes. 
 Electrochemical dehydrogenation reactions are attractive because the applied 
potential can tune the driving force for electron transfer. Reactions can be driven by 
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renewably generated electricity or even by coupling to favorable reduction processes at 
the cathode.11 Electrochemical oxidations, however, often seem very different than 
chemical oxidations: electrooxidation relies on (sometimes coupled) electron transfer and 
proton transfer steps,12,13 while chemical oxidation often involves concerted hydride 
transfer.7,14,15  
 Recent reports have started to draw connections between chemical and 
electrochemical processes. For example, inspired by a report of (PCP)Ir-catalyzed 
hydrogenation of CO2 to formate, Brookhart and Meyer developed an analogous 
electrochemical reduction of CO2 to formate catalyzed by (POCOP)Ir complexes.16-18 A 
striking oxidative example involved two different catalysts for the same alcohol oxidation 
reaction that operate by two different mechanisms, either a concerted H2 loss mechanism 
or an outer-sphere electron transfer mechanism in which a chemical oxidant (not an 
electrode) and a base facilitate 2H+/2e– loss.19   
 Studies of electrochemical reactions that parallel well-known organometallic 
oxidations can help bridge the divide between chemical and electrochemical methods. 
This chapter focuses on the initial oxidation steps of a pincer-ligated iridium dihydride. 
Net loss of hydride (H+/2e–) is promoted by either electrochemical or chemical methods 
to produce an iridium monohydride species. 
 
  
  85 
Section 3.2 Electrochemical Oxidation of Iridium Dihydride Species  
 The dihydride complex was prepared according to previously reported procedures 
by dehydrohalogenation of (tBu4PCP)Ir(H)(Cl) (1) under an H2 atmosphere.1,20 This 
procedure affords an equilibrium mixture of the five-coordinate dihydride (tBu4PCP)Ir(H)2 
(2) and (tBu4PCP)Ir(H)4 (3).21 Samples could be stirred in pentane, filtered, and dried 
under vacuum to remove the dihydrogen ligand and provide pure 2. 
 The oxidation of dihydride 2 was initially explored using cyclic voltammetry 
(CV). When a solution of 2 in argon-saturated THF containing [Bu4N][PF6] supporting 
electrolyte was assessed by a CV sweep to oxidative potentials, a single irreversible 
feature was observed at –0.08 V vs Cp2Fe+/0 (Figure 3.1). No return reduction process 
was apparent, even as the scan rate was increased to 1 V·s–1. 
 
Figure 3.1 Cyclic voltammetry of 2 at 25 mV·s–1 (black), 100 mV·s–1 (red), 
and 250 mV·s–1 (blue) in THF solution with 0.1 M [Bu4N][PF6] electrolyte. 
Glassy carbon working electrode, platinum counter electrode, Ag wire 
pseudo-reference electrode, 298 K. 
 
An irreversible electrochemical oxidation is consistent with a rapid chemical 
reaction following electron transfer from 2 to the electrode. The dihydride 2 is more 
easily oxidized than the hydridochloride complex 1, which exhibited a quasi-reversible 
  86 
oxidation around 0.5 V vs Cp2Fe+/0 in CH2Cl2 at fast scan rates in a prior study.22 
Solutions containing hydrides 2 and 3 are stable under Ar or H2, but decompose under N2 
or air to a mixture of products with distinct electrochemical responses.23 
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Section 3.3 Identifying the Oxidation Products  
 To identify the product formed at positive potentials under argon, a controlled 
potential electrolysis (CPE) experiment was carried out. A high-surface-area reticulated 
vitreous carbon working electrode was submersed in a THF solution of dihydride 2 and 
polarized to 0.2 V vs Cp2Fe+/0. The flow of current diminished as a gradual color change 
from pale orange to pale yellow was observed. The oxidation passed 239 mC of charge, 
corresponding to 1.9 e– per Ir, but an aliquot analyzed by 31P{1H} NMR spectroscopy 
revealed a mixture of species. 
 Considering the possibility that oxidation of 2 would produce a reactive cationic 
species, the oxidative electrochemistry was also carried out in the presence of a chloride 
ion source as a trapping agent. In the presence of LiCl (and with conditions otherwise 
similar to those described above), the CV response of 2 was essentially unchanged 
relative to chloride-free conditions, suggesting that chloride does not influence the initial 
oxidation process. 
 Controlled potential electrolysis of a THF solution containing 2 and excess LiCl 
or [Bu4N][Cl] was conducted at 0.2 V vs Cp2Fe+/0 (Scheme 2). In the presence of 
chloride, the solution color changed from pale orange to a much brighter orange, and the 
283 mC of charge passed corresponds to a 2e– oxidation (2.3 e– per Ir). Analysis by 
31P{1H} NMR spectroscopy now revealed a single phosphorous-containing species (δ 
69). The product was isolated from the electrolyte by removal of the THF under vacuum 
and extraction with pentane. Full NMR spectroscopic analysis in THF-d8 showed a triplet 
hydride resonance far upfield (δ –42.9) in the 1H NMR spectrum that is diagnostic of 
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(tBu4PCP)Ir(H)(Cl) (1). All of the 31P and 1H NMR signals closely matched the previously 
reported values.20 
 
Scheme 3.2 Electrolysis of Iridium Dihydride  
 The electrochemical conversion of dihydride 2 to hydridochloride 1 represents a 
net hydride abstraction via the loss of 2e– to the anode and loss of H+ (to solution or 
perhaps to a surface site on the electrode), followed by chloride binding. This two-step 
electrochemical–chemical (EC) transformation is consistent with the observed 
irreversible CV response (prior studies of (pincer)Ir(H)(Cl) complexes had also 
implicated an EC mechanism, but did not identify a product).22 The stability of the 
product, hydridochloride 1, towards further oxidation at the potentials applied during 
electrolysis is critical to the success of the reaction.22 
 Analogous electrochemical hydride loss via a two-electron/one-proton oxidative 
process has been reported for a series of Group 6 complexes of the type CpM(CO)3H (M 
= Cr, Mo, W),24 which may involve a concerted proton-coupled electron transfer event in 
the tungsten case.25 In contrast, the Rh analogue (PCP)Rh(H2), which is best described as 
a Rh(I) dihydrogen complex,26 does not undergo oxidative hydride loss: reversible 1e– 
oxidation is observed in CH2Cl2, and H2 loss is observed in coordinating solvents.27 
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Section 3.4 Stochiometric Reactions   
 
To further probe the hydride transfer reactivity, chemical methods that could 
effect an analogous hydride loss were explored. When dihydride 2 is allowed to react 
with the hydride abstractor [Ph3C][B(C6F5)4] in THF-d8, the solution changes color from 
pale orange to pale yellow. NMR spectroscopic monitoring revealed an intractable 
mixture of products analogous to those observed in the initial CPE experiments. 
 
 
Scheme 3.3 Chemical Hydride Transfer from Iridium Dihydride  
 
Hydride abstraction was next attempted in the presence of a chloride source. 
Treatment of dihydride 2 with 1 equiv [Ph3C][B(C6F5)4] and 5 equiv [Bu4N][Cl] led to a 
color change from pale orange to a much brighter orange,  coinciding with the 
appearance of the characteristic signals of hydridochloride complex 1 by 31P{1H} and 1H 
NMR spectroscopy (Scheme 3.3).  Triphenylmethane is also observed by 1H NMR 
spectroscopy, clearly identifying the fate of the hydride.   
 
 
Scheme 3.4 Chemical Oxidation of Iridium Dihydride  
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 Chemical oxidants were also explored as a method for effecting net hydride 
transfer from 2. The reaction of dihydride species 2 with 2 equivalents of ferrocenium 
and 2,6-lutidine as a base produced a similar color change to bright orange (vide supra).  
The major product of the reaction was confirmed to be hydridochloride 1 by 1H and 31P 
NMR.  Reactions in the absence of an added base also produced hydridochloride species 
1 but in lower yields,  suggesting tetrahydrofuran is capable of solvating a proton as is 
observed in electrochemical experiments.  
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Section 3.5 Chemical and Electrochemical Reactivity  
 The tight analogy between chemical and electrochemical hydride transfer may be 
helpful in the development of electrochemical reactions based on homogeneous catalytic 
processes. Electrochemical hydride loss likely involves stepwise electron transfer and 
proton transfer steps (or stepwise electron/hydrogen-atom transfer). On the other hand, 
chemical hydride abstraction likely proceeds via concerted hydride transfer. The 
observation of identical products under electrochemical and chemical reaction conditions 
suggests that future electrochemical oxidations can be modeled after existing hydride 
abstraction reactions. 
 We suggest that the electrochemical and chemical hydride abstractions proceed 
via a shared intermediate, given the similar product distributions under various reaction 
conditions. As shown in Scheme 3.5, we hypothesize that oxidation of dihydride 2 occurs 
as a net 1H+/2e– process (via one of the pathways described above) to generate a reactive 
monohydride cation, [(tBu4PCP)Ir(H)]+ (4). Chemical hydride transfer from 2 to 
[Ph3C][B(C6F5)4] would also afford 4. We are not aware of any prior reported isolation of 
cation 4. An analogous [(POCOP)Ir(H)]+ species, isolated as an acetone or 
dichloromethane adduct, is an active hydrosilylation catalyst.28,29 
 From this shared intermediate cation 4, trapping with chloride ion can generate 
the hydridochloride 1. Chloride sources can react with [Ph3C]+ to generate Ph3CCl, so it 
was somewhat surprising that the trityl cation selectively abstracted hydride rather than 
chloride. In the absence of chloride, we suspect that cation 4 decomposes through 
reactions with itself and/or the solvent, the details of which are currently under 
investigation. 
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Scheme 3.5 Chemical and Electrochemical Routes to Hydride Loss  
By implicating a key monohydride cation intermediate and building an analogy 
between well-defined organometallic hydride abstraction reactions and electrochemical 
oxidation processes, these joint chemical/electrochemical studies provide a foundation for 
future development of electrochemical dehydrogenation processes. 
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Section 3.6 Experimental Details  
 All procedures were carried out in a glovebox under an argon atmosphere, unless 
otherwise noted. Solvents were dried and degassed with argon using a Pure Process 
Technology solvent system. All deuterated solvents were purchased from Cambridge 
Isotopes Laboratories, Inc. and degassed by three freeze-pump-thaw cycles and stored 
over molecular sieves. The complexes (tBu4PCP)Ir(H)(Cl) (1),20 (tBu4PCP)Ir(H)2 (2),1 and 
(tBu4PCP)Ir(H)4 (3)21 were synthesized according to literature procedures.  All other 
materials were commercially available and used as received, unless otherwise noted. 1H 
and 31P NMR spectra were recorded on a 600 MHz spectrometer at room temperature. 
Chemical shifts are reported with respect to residual protio solvent for 1H.30 31P NMR 
spectra were referenced to an 85% H3PO4 external standard (0 ppm).  
 Cyclic voltammetry experiments were conducted in a single-compartment cell in 
a three electrode configuration. Glassy carbon disc (3 mm diameter) working electrodes, 
platinum wire counter electrodes, and silver wire pseudo-reference electrodes were used. 
Potentials are provided relative to ferrocene added as an internal reference at the 
conclusion of the experiment. Experiments were performed in tetrahydrofuran with 
[Bu4N][PF6] (100 mM) added as supporting electrolyte.  Experiments performed under 
argon were conducted in an argon glovebox with a Pine Instruments WaveNow 
potentiostat.  Experiments performed under other gases were conducted on the bench 
with sparged solutions, and performed under positive pressure using a Pine Instruments 
WaveDriver potentiostat.   
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Figure 3.2 Photograph of the Experimental Setup for Bulk Electrolysis  
Bulk electrolysis experiments were conducted in two-compartment cells (Figure 
3.2). Reticulated vitreous carbon working electrodes, platinum wire counter electrodes 
and silver wire pseudo-reference electrodes were used. Experiments were performed in 
tetrahydrofuran with [Bu4N][PF6] (100 mM) added as a supporting electrolyte.  
Experiments were performed in an argon glovebox with a Pine Instruments WaveNow 
potentiostat.   
The working compartment of the cell was charged with (tBu4PCP)Ir(H)2 (2), 0.1 M 
[Bu4N][PF6] electrolyte, a chloride source (LiCl or [Bu4N][Cl]) as needed, and a potential 
of 0.2 V vs Cp2Fe+/0 was applied. After electrolysis, the anolyte was transferring to a J 
Young tube and analyzed by 1H and 31P NMR spectroscopy.  The THF solutions were 
then evaporated under vacuum and the residues extracted into pentane and filtered to 
remove the electrolyte. The pentane solutions were then evaporated under vacuum and 
the residues dissolved in THF-d8 for additional NMR characterization.  
In a characteristic experiment, 4.1 mg of a mixture of 2 and 3 (equilibrium 
mixtures and pure samples of 2 showed identical reactivity) was dissolved in a THF 
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solution containing 0.1 M [Bu4N][PF6]. To this solution was added 11 mg (~5 equiv) of 
[Bu4N][Cl]. The solution was added to the working side of a two-compartment cell 
containing a reticulated vitrious carbon working electrode. The counter electrode side of 
the two-compartment cell was filled with 2 mL of a 0.1 M [Bu4N][PF6] THF solution.  
Controlled potential electrolysis was carried out at 0.2 V vs Cp2Fe+/0 for 2.5 hours. The 
reaction was analyzed by 31P NMR spectroscopy as described above (Figure 3.3). 
 
 
Figure 3.3 31P{1H} NMR spectra of an equilibrium mixture of 2 and 3 before 
electrolysis (top blue trace) containing <5% of a small impurity, the reaction 
mixture following electrolysis (middle red trace), and the product distribution after 
removal of [Bu4N][PF6] electrolyte showing high yield of complex 1 (bottom red 
trace). 
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 Hydride abstraction reactions were monitored by 1H and 31P NMR spectroscopy.  
In an argon glove box, an equivalent of (tBu4PCP)Ir(H)2 (2) was dissolved in THF-d8 in a 
J Young tube.  Five equivalents of [Bu4N][Cl] were included when desired. Initial 1H and 
31P NMR spectra were taken at this point, followed by addition of one equivalent of 
[Ph3C][B(C6F5)4]. After allowing the tubes to react at room temperature for about 30 
minutes, additional 1H and 31P NMR spectra were obtained. 
 Chemical oxidation reactions were also monitored by 1H and 31P NMR 
spectroscopy.  In an argon glove box, an equivalent of (tBu4PCP)Ir(H)2 (2) was dissolved 
in THF-d8 in a J Young tube.  Five equivalents of [Bu4N][Cl] or [Li][Cl] were included 
when desired. Initial 1H and 31P NMR spectra were taken at this point, followed by 
addition of two equivalents of the chemical oxidant ferrocenium as a BF4 salt.  In some 
reactions an equivalent of 2,6-lutidine was added. The tubes were allowed to react at 
room temperature for up to 24 hours and monitored by 1H and 31P NMR spectroscopy.  
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Figure 3.4 Voltammogram of (tBu4PCP)Ir(H)2 (2) under argon according to 
the general procedure.  
 
 
Figure 3.5 Voltammogram of 2 after exposure to N2, according to the general 
procedure. 
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Figure 3.6 Controlled potential electrolysis of 2 at 0.2 V vs Cp2Fe+/0 (no 
added chloride). The 239 mC of charge passed corresponds to 1.9 e– per Ir. 
 
 
 
Figure 3.7 Controlled potential electrolysis of 2 at 0.2 V vs Cp2Fe+/0 in the 
presence of 5 equiv [Bu4N][Cl]. The 283 mC of charge passed corresponds to 
2.3 e– per Ir. 
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Chapter 4 Synthesis and Reactivity of Cationic Hydride Species 
 
Section 4.1 Introduction  
 In Chapter 3, the oxidation of iridium dihydride species at the surface of an 
electrode was demonstrated to involve the transfer of two electrons and one proton to 
generate a proposed cationic hydride intermediate.  In the presence of chloride ion 
sources, the cationic hydride intermediate is quickly trapped as the iridium 
hydridochloride species.  In the absence of a trapping reagent, this species reacts quickly 
to form a mixture of iridium containing species. 
 
Scheme 4.1 Alkane Dehydrogenation Cycle Initiated by Oxidation  
Deprotonation of a cationic hydride intermediate would complete the net removal 
of an equivalent of H2 (as 2H+ and 2e–) from the catalyst, and the resulting 14 e– species is 
the reactive intermediate implicated in alkane dehydrogenation cycles.1  Trapping 
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cationic hydride intermediates with ligands other than chloride will provide stable 
cationic hydrides allowing for studies of deprotonation steps.  The synthesis and 
reactivity of these cationic hydrides will be the focus of chapter 4, with the goal of 
deprotonating these complexes in order to demonstrate the generation the reactive 14e– 
intermediate.1  
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Section 4.2 Trapping Cationic Hydride Species with Pyridine Bases  
Previous reports have indicated that pyridine is capable of binding to a number of 
neutral five coordinate Ir(III) species, including (tBu4PCP)Ir(H)2 (1)2 and 
(tBu4PCP)Ir(H)(Cl) (2)3. The addition of pyridine to a solution of the dihydride 1 in THF-
d8 was monitored by 1H and 31P NMR spectroscopy.  Nearly quantitative conversion to a 
new species was observed with a single equivalent of pyridine.  The appearance of three 
new peaks in a 2:2:1 ratio in the aromatic region and the continued presence of a mirror 
plane in the molecule (shown by the splitting of the tert-butyl protons and the methylene 
linker) supported the structural assignment of a pyridine bound species containing two 
hydrides in a trans conformation.  The equilibrium between the pyridine-bound and the 
dihydride species 1 heavily favored the formation of the adduct.  When 2,6-lutidine was 
added to solution instead of pyridine only a small amount of the bound complex was 
observed, even with excess 2,6-lutidine.  The additional steric bulk of 2,6-lutidine as 
compared to pyridine hinders coordination, favoring the unbound species in solution.   
 
Scheme 4.2 Coordination of Pyridine Bases to Dihydride species  
 Initial attempts to electrolyze dihydride 1 in order to generate cationic hydrides in 
the presence of pyridine were not successful.  Significantly less current than that 
corresponding to 2e– was passed when the same potential used in the absence of pyridine 
was applied.  Characterization of the iridium-containing species following electrolysis 
revealed the presence of the pyridine bound adduct. The significant drop in current 
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passed and CV studies of dihydride 1 in the presence of pyridine suggest that the pyridine 
adduct is more difficult to oxidize.  The presence of a base in solution is generally 
expected to shift oxidations that are coupled with proton losses to less positive potentials. 
Coordination of a neutral two electron donor to an iridium fragment might be expected to 
shift potentials in a similar manner given the corresponding increase in electron density at 
the metal center, further studies are needed to understand the electronics of this system. 
The cationic hydride intermediate reported in Chapter 3 can also be generated 
using chemical means. Chemical hydride abstractors generate the same intermediates that 
result from the removal of 2 e– and 1 H+ from the dihydride species 1. This simpler 
chemical method can allow for further reactivity of the cationic hydride intermediate to 
be explored, as well as lead to methods for generating cationic hydride intermediates that 
are more stable than the THF adduct.  
 
Scheme 4.3 Trapping of the Cationic Hydride Intermediate  
Reaction of iridium dihydride species 1 with one equivalent of trityl cation in the 
presence of 5 equivalents of pyridine resulted in the formation of a stable species in high 
yield according to 1H and 31P NMR spectroscopy.  Independent synthetic methods 
(discussed later, Section 4.3) confirmed that the species generated in the presence of 
pyridine was a cationic hydride species stabilized by pyridine coordination.  This 
trapping by a 2e– donor ligand is similar to the reactivity observed when cationic hydride 
intermediates were formed in the presence of chloride.  
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Scheme 4.4 Hydride Abstraction from 1 in the Presence of Pyridine  
Pyridine-bound cationic hydride 3 exhibited good stability, it could be cleanly 
isolated from reaction solutions. It remained stable in solutions of THF and 
dichloromethane under argon and did not react with oxygen or moisture as an isolated 
solid.  Pyridine-bound adducts will be useful complexes for exploring deprotonation 
chemistry. The stability of cationic hydride 3 to excess pyridine base also suggested that 
stronger bases will be required to deprotonate these species and generate reactive 14e– 
fragments.  
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Section 4.3 Synthesis of Cationic Hydride Intermediates  
 More controlled and simpler methods to synthesize the cationic hydride stabilized 
by pyridine donation (3) would allow for full characterization and more detailed studies 
of its reactivity.  In addition to hydride abstraction from dihydride complex 1, halide 
abstraction from hydrido chloride complex 2 was expected to yield cationic hydride 
intermediates.  Reaction of the hydrido chloride complex 2 with silver salts in THF, in an 
attempt to afford the halide abstracted product, resulted in decomposition we suspect that 
oxidation by silver(I) caused degradation.4  Halide abstraction was next attempted with 
sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaBArF4); this reagent has been 
reported to abstract halides from iridium complexes in dichloromethane solutions,5 and 
more coordinating solvents like acetonitrile.6  
 
Scheme 4.5 Generation of Cationic Hydride 3 by Halide Abstraction  
 When hydridochloride complex 2 was combined with NaBArF4 in 
dichloromethane, no reaction was observed.  The reaction of hydridochloride 2 with an 
equivalent of NaBArF4 in dichloromethane with an equivalent of pyridine added resulted 
in a rapid color change, from bright orange to a light yellow/orange, and the precipitation 
of a white solid.  Filtering this yellow/orange solution and layering it with pentane 
resulted in the growth orange crystals.  These crystals were characterized using 1H, 31P 
and 13C NMR spectroscopy and matched the previously observed spectra for the pyridine 
bound cationic hydride 3.  
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Figure 4.1 Structural representation of 3 from XRD with ellipsoids rendered 
at 50% probability. Hydrogen atoms and BArF4 counter ion are omitted for 
clarity. Selected bond distances  (Å) and angles (°): Ir1-P3 2.300(4), Ir1-P4 
2.309(4), Ir1-N2 2.157(10), P3-Ir1-P4 166.6(2), C5-Ir1-N2 179.8(7). 
 
 When halide abstraction reactions were performed with excess pyridine, shifts in 
the 1H and 31P NMR spectra were observed.  In the recrystallized material, a resonance at 
δ 64.36 was observed by 31P NMR spectroscopy.   This resonance falls in the region that 
is usually expected for five coordinate iridium(III) species.  In a reaction with two total 
equivalents relative to iridium, an upfield to shift to δ 54.18 was observed.  A further 
upfield shift to δ 47.59 was observed when seven total equivalents of pyridine were in 
solution.  Similar shifts were observed for the hydride as monitored by 1H NMR 
spectroscopy.  In the recrystallized material, the hydride appears as a broad resonance at 
δ -43.65, a shift similar to those observed for five coordinate iridium (III) species with a 
vacant site trans to the hydride.  With an excess of pyridine, the hydride resonance was 
 108 
observed at δ -23.43 in the region common for hydrides with weak to moderate donors 
occupying the position trans to them.   
 The symmetry of the iridium species, as reported by the methylene linker shifts 
and the tert-butyl resonances, also appeared to show a change in speciation between the 
low and high pyridine concentration regimes.  With increasing pyridine concentration, 
the broad singlet corresponding to the four methylene linker protons split into a multiplet 
showing higher order splitting indicating the loss of the mirror plane bisecting the 
molecule and containing the aryl ring of the backbone.  This change in splitting is 
accompanied by a modest upfield shift from δ 3.52 to δ 3.17.  The tert-butyl resonances 
also shift from a multiplet at δ 1.11 to two triplets at δ 1.10 and δ 0.94.  
 The observations in both the 1H and 31P NMR spectra suggest that when excess 
pyridine is present in solution, a new species is observed. The chemical shift of the 
phosphorus and hydride resonances suggest that this a six coordinate iridium species with 
two bound pyridine ligands in a cis conformation.  
 
Scheme 4.6 Equilibrium Between 3 and Excess Pyridine  
 Reactions between the hydridochloride 2 and NaBArF4 in the presence of 
substituted pyridine bases also resulted in color changes and new signals observed by 1H 
and 31P NMR spectroscopy.  In order to more fully explore the scope of stabilized 
cationic hydride chemistry, several different pyridine derivatives were explored.  2,6-
lutidine was chosen to explore the effects of adding additional steric bulk, and preventing 
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coordination of multiple donor ligands. 2-ethylpyridine and 2-phenylpyridine were also 
explored as they have either alkyl or aryl C-H bonds that are in an ideal geometry for 
activation. Complexe [(tBu4PCP)Ir(H)(2,6-lutidine)]+ 4, [(tBu4PCP)Ir(H)(2-ethylpyridine)]+ 
5, and [(tBu4PCP)Ir(H)(2,-phenylpyridine)]+  6 were synthesized by halide abstraction 
from the hydridochloride complex 2 in dichloromethane in the presence of the 
corresponding 2,6-lutidine, 2-ethylpyridine, or 2-phenylpyridine.  Complexes 4,5,6 did 
not show any evidence of biding a second ligand presumably due to increased steric bulk. 
 
 
 
Scheme 4.7 Synthesis of Cationic Hydrides 4-6 
 Crystals of 4 and 5 suitable for X-ray diffraction (XRD) were grown from DCM 
layered with pentane. For the cationic hydride complex with pyridine (3), the bond angle 
between the aryl carbon, iridium, and the nitrogen donor of pyridine is 179.8°.  In the 
case of f 2,6-lutidine, the crystal contains disorder with close to 50% occupancy for a 
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position with 2,6-lutidine canted up and one with 2,6-lutidine canted down, with C-Ir-N 
bond angles of 174.1° and 175.1° as shown in figure 4.2. 
 
Figure 4.2 Structural Representation of 4 Showing Disorder 
This distortion appears to be a result of a steric interaction between the methyl 
group of the bound 2,6-lutidine and the hydride in either the “up” or “down” position (the 
hydride was not found in the difference map). The distance between the closest methyl 
group and the iridium center is outside the range expected for an agostic interaction, and 
the expected diagnostic shifts for an agositc interaction were not observed.   
 111 
 
Figure 4.3 Structural representation of 4 from XRD with ellipsoids rendered 
at 50% probability. Hydrogen atoms and BArF4 counter ion are omitted for 
clarity.  A single part used to model 2,6-lutidine disorder is depicted. Selected 
bond distances (Å) and angles (°): Ir1-P4 2.348(3), Ir1-P5 2.349(3), Ir1-N2 
2.23(10), Ir1-C6 2.073(11), P4-Ir1-P5 157.39(12), C6-Ir1-N2 174.1(7), C6-Ir1-
N3 175.1(7). 
 
 In the structure of (2-phenylpyridine) complex 6, the nitrogen donor is well out of 
the plane containing the pincer ligand and nearly to a position trans to the hydride, with a 
C-Ir-N angle of 99°.  This significant structural change observed in the solid state is 
consistent with observations in the 1H NMR spectrum of the complex where the hydride 
resonance is observed downfield of complexes 4 and 5 at δ -20.09.  The steric bulk of the 
larger phenyl group is likely the cause of the geometry observed for this complex.  
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Figure 4.4 Structural representation of 6 from XRD with ellipsoids rendered 
at 50% probability. Hydrogen atoms and BArF4 counter ion are omitted for 
clarity.  Selected bond distances  (Å) and angles (°): Ir1-P3 2.3446(16), Ir1-P4 
2.3648(15), Ir1-N2 2.191(5),  Ir1-C5 2.035(6), C5-Ir1-N2 99.0(2). 
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Section 4.4 Deprotonation of Cationic Hydride Pyridine Complexes  
 Deprotonation of the series of pyridine complexes synthesized in the previous 
sections, complexes 3-6, could possibly result in the formation of the 14e– intermediate 
that is cited as the reactive species in alkane dehydrogenation cycles.7  The generation of 
this reactive species from the cationic hydrides would complete a route from the 
dihydride 1 to a species capable of alkane dehydrogenation using an electrode and a base.   
 With well-defined, cationic hydrides in hand, we searched for an appropriate base 
to deprotonate the iridium hydride and generate an Ir(I) species. The observation that 
cationic hydrides 3-6 and were not deprotonated by excess of the corresponding 
substituted pyridine base suggest that stronger bases will be needed in order to 
deprotonate the complexes.  We next explored if stronger bases, like phosphazene bases 
and DBU, were basic enough to remove the final proton and generate Ir(I) species.  
 In addition to being stronger than pyridine an appropriate base for this deprotonation will 
need to be relatively non-coordinating and must not be easily oxidized for incorporation 
into future electrochemical cycles.  
 The strong, neutral base DBU was selected for initial studies. Reactions between 
DBU and the series of cationic hydrides 3-6 were monitored using NMR spectroscopy in 
CD2Cl2.  In these reactions, an equivalent of the iridium complex was dissolved in 
CD2Cl2 producing a pale yellow to orange solution. Upon the addition of base, in all 
cases, a color change to a deep bright orange was observed.  For complexes 4-6, color 
change was accompanied by the appearance of a single resonance in the 31P NMR 
spectrum at δ 69.  The 1H NMR spectra showed a broad singlet at δ -42.9 that sharpened 
and grew in over time.  The color change and the spectroscopic changes indicated that the 
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hydridochloride complex 2 was the product of the reactions between DBU and 4-6.  This 
product was presumably formed as a result of solvent activation following deprotonation 
of the hydride complex and generation of the 14e– intermediate. At early time points, no 
hydride resonance was detected.  A small signal grew in over time with low relative 
integration suggesting deuterium incorporation from activation of the CD2Cl2, which then 
scrambles with the equivalent of protonated DBU.   
 
Scheme 4.8 Solvent Activation Following Deprotonation of Cationic Hydrides 
 In the case of cationic hydride 3, a pyridine adduct of 2 is obtained.  As has been 
observed in section 4.2 and 4.3, pyridine is capable of coordination to five coordinate 
iridium species to generate new complexes.  In the course of the reaction between 
cationic hydride 3 and DBU, after the generation of the 14e–  species and rapid solvent 
activation, pyridine coordination occurs.  The products of this reaction matched those 
previously reported for the coordination of pyridine to the hydridochloride complex 2.3 
 The characterization data collected on the 2-phenylpyridine complex 6, both XRD 
and NMR spectroscopy, suggest that the phenyl ring of the ligand is situated for CH 
activation to occur.  No CH activation of this bond was observed following deprotonation 
in CD2Cl2, presumably because of the large excess of a relatively reactive solvent. 
These initial experiments provide a promising indication that DBU is a strong 
enough base to deprotonate cationic iridium hydrides.  However, the solvent activation 
reactivity highlights the importance of choosing an appropriate solvent for reactions that 
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might access the 14e– intermediate.  The Ir(I) species is capable of activating a wide 
range of substrates and solvents.7-9  An ideal solvent for these deprotonation reactions 
should be non-coordinating and have no bonds that can be rapidly activated by the Ir(I) 
species.  Solvent activation that is rapid and reversible at room temperature could still 
allow for the desired chemistry to be observed.  The solvent chosen must also be polar 
enough to solubilize the BArF4 salts of the complexes that were synthesized and support 
100 mM concentrations of electrolyte for electrochemical experiments.  
 Toluene, which is less easily activated but also less polar, was examined next.  A 
solution of cationic 2-phenylpyridine hydride 6, in toluene-d8 was treated with one 
equivalent of DBU at room temperature in a J-Young tube.  Complex 6 was initially 
sparingly soluble, but completely dissolved over the course of the reaction.  This reaction 
was monitored over time by 1H and 31P NMR spectroscopy.  Resonances corresponding 
to the two possible isomers of the cyclometallated phenylpyridine complex were 
observed.  The two isomers of this product have either the pyridine or aryl of the 2-
phenylpyridine ligand trans to the hydride, see scheme 4.9.  These products are stable in 
air and an extraction into pentane allowed for them to be isolated from the reaction 
mixture, although in modest yields.  The mixture of other products that was observed by 
NMR spectroscopy contained many of the possible aryl bound products. These aryl CH 
activation reactions are often observed to be reversible at room temperature resulting in a 
mixture of products and broad signals, consistent with our observations.9  The signals 
corresponding to the κ2 2-phenylpyridine complexes were sharp as a result of the added 
barrier of nitrogen dissociation slowing reversible CH activation.  The observed reactivity 
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between cationic hydride 6 and DBU is also likely proceeding though a mechanism that 
involves the formation of the 14e– intermediate.   
 
Scheme 4.9 Formation of κ2 2-Phenylpyridine Products  
The mixture of products and the observation of both phenylpyridine isomers 
suggested that the phenylpyridine ligand of 6 was dissociating upon deprotonation and 
intermolecular C-H bond activation was occurring.  The relative stability afforded by a κ2 
coordination mode of the ligand led us to examine biphenyl as a substrate without a 
directing group that can undergo double C-H activation to form another κ2 product.10  
This reaction has also been demonstrated for the isopropyl derivative of the dihydride 
complex 1; at room temperature the relative stability of this double activated product 
leads to clean conversion from other aryl activated products.11 Reactions between the 
cationic hydride 6 and DBU in toluene in the presence of biphenyl lead to the formation 
of a mixture of new products including the desired double CH activated product as a 
minor product.  Allowing this reaction mixture to equilibrate at room temperature for two 
days resulted in an increase in the concentration of the desired product but the reaction 
was not observed to go to completion.   
 
Scheme 4.10 Aryl CH Activation with Biphenyl 
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We turned next to phenylpyridine as both the substrate and the solvent, while 
more polar than toluene and still containing bonds that can be activated, a large excess of 
phenylpyridine may favor ligand coordination throughout the reaction and improve 
selectivity.  Using 2-phenylpyridine as the solvent for the reaction of cationic hydride 6 
with DBU resulted in the clean formation of a single isomer of the κ2 2-phenylpyridine 
complex.  The appearance of resonances in the 31P and 1H NMR spectra of the reaction 
mixture corresponding to N-trans isomer were observed.  
 
Scheme 4.11 Deprotonation of Complex 6 in Neat 2-Phenylpyridine  
Experiments using hydrogen acceptors and the dihydride 1 suggest that the N-
trans product is the kinetic product of this reaction, as heating reaction mixture containing 
C-trans and N-trans isomers results in formation of a 20:1 ratio of the C-trans and N-trans 
product.12 The formation of exclusively the N-trans product suggests that pyridine 
coordination has a directing effect on the product that is formed.  The fact that mixtures 
of products are formed in other solvents suggests that phenylpyridine dissociates from the 
14e– intermediate formed following deprotonation. When this donor is present in massive 
excess it remains bound to the 14e– complex resulting in clean formation of the N-trans 
cyclometallated 2-phenylpyridine (scheme 4.12).  
 
Scheme 4.12 Proposed Adduct Formation with 14e- Intermediate  
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Section 4.5 Conclusions  
 The synthesis and reactivity of a series of cationic hydrides stabilized by the 
coordination of pyridine bases was explored. Cationic hydride species are critical 
intermediates in the oxidation of dihydride complexes.  Coordination of pyridine bases to 
dihydride 1 was shown as well as the inhibition of adduct formation by steric bulk on 2,6-
lutidine.  Pyridine bases were also shown to operate as trapping agents following the 
generation of cationic hydride intermediates.  A series of these cationic hydride 
intermediates, 3-6, were synthesized by halide abstraction from the hydridochloride 
complex 2.  The deprotonation of this series of complexes by DBU resulted in the 
formation of the 14e– intermediate, as evidenced by solvent activation in dichloromethane 
and through a series of aryl CH activation reactions that were observed using the 2-
phenylpyridine adduct, 6.  The formation of only the N-trans isomer following 
deprotonation of 6 in neat 2-phenylpyridine gave mechanistic insight into this reaction 
and suggests pyridine can donate to the 14e– intermediate only when present in large 
excess.  Building on the work presented in chapter 3, the generation of the 14e– species 
by deprotonation of a cationic hydride is the last step in a potential cycle that replaces 
sacrificial acceptors in alkane dehydrogenation reactions with removal of the hydrogen 
equivalent as two electrons and two protons using an electrode.  
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Section 4.6 Experimental Details  
All procedures were carried out in a glovebox under an argon atmosphere, unless 
otherwise noted. Solvents were dried and degassed with argon using a Pure Process 
Technology solvent system. All deuterated solvents were purchased from Cambridge 
Isotopes Laboratories, Inc. and degassed by three freeze-pump-thaw cycles and stored 
over molecular sieves. The complexes (tBu4PCP)Ir(H)2 (1),13 and (tBu4PCP)Ir(H)(Cl) (2),14 
were synthesized according to literature procedures.  All other materials were 
commercially available and used as received, unless otherwise noted. 1H and 31P NMR 
spectra were recorded on a 600 MHz spectrometer at room temperature. Chemical shifts 
are reported with respect to residual protio solvent for 1H.15 31P NMR spectra were 
referenced to an 85% H3PO4 external standard (0 ppm).  
 Cyclic voltammetry experiments were conducted in a single-compartment cell in 
a three electrode configuration. Glassy carbon disc (3 mm diameter) working electrodes, 
platinum wire counter electrodes, and silver wire pseudo-reference electrodes were used. 
Potentials are provided relative to ferrocene added as an internal reference at the 
conclusion of the experiment. Experiments were performed in tetrahydrofuran with 
[Bu4N][PF6] (100 mM) added as supporting electrolyte.  Experiments performed under 
argon were conducted in an argon glovebox with a Pine Instruments WaveNow 
potentiostat.  
Bulk electrolysis experiments were conducted in two-compartment cells (Figure 
3.2). Reticulated vitreous carbon working electrodes, platinum wire counter electrodes 
and silver wire pseudo-reference electrodes were used. Experiments were performed in 
tetrahydrofuran with [Bu4N][PF6] (100 mM) added as a supporting electrolyte.  
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Experiments were performed in an argon glovebox with a Pine Instruments WaveNow 
potentiostat.   
The working compartment of the cell was charged with (tBu4PCP)Ir(H)2 (1), 0.1 M 
[Bu4N][PF6] electrolyte, 5 equivalents of pyridine, and a potential of 0.2 V vs Cp2Fe+/0 
was applied. After electrolysis, the anolyte was transferring to a J Young tube and 
analyzed by 1H and 31P NMR spectroscopy.  The THF solutions were then evaporated 
under vacuum and the residues extracted into pentane and filtered to remove the 
electrolyte. The pentane solutions were then evaporated under vacuum and the residues 
dissolved in THF-d8 for additional NMR characterization.  
 
General Procedure for Adduct Formation with Dihydride 1 
 Under an argon atmosphere, 0.003 g of (tBu4PCP)Ir(H)2 (1) was dissolved in THF-
d8 in a 4 mL vial.  To this solution, pyridine or 2,6-lutidine was added via a syringe, 
either in large excess or 5-10 equivalents relative to with dihydride (1).  These solutions 
were than transferred to J Young tubes and analyzed by 1H and 31P NMR spectroscopy.  
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Figure 4.5 1H NMR Spectrum of Addition of Excess Pyridine to 
(tBu4PCP)Ir(H)2 (1) 
 
Figure 4.6 31P{1H} NMR Spectrum of Addition of Excess Pyridine to 
(tBu4PCP)Ir(H)2 (1) 
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Figure 4.7 1H NMR Spectrum of Addition of Excess 2,6-Lutidine to 
(tBu4PCP)Ir(H)2 (1) 
 
Figure 4.8 31P{1H} NMR Spectrum of Addition of Excess 2,6-Lutidine to 
(tBu4PCP)Ir(H)2 (1) 
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Figure 4.9 1H NMR Spectrum of Pyridine to (tBu4PCP)Ir(H)2 (1) 
 
Figure 4.10 1H NMR Spectrum of 2,6-Lutidine to (tBu4PCP)Ir(H)2 (1) 
-10-9-8-7-6-5-4-3-2-10123456789
H1 (ppm)
0.
29
2.
15
41
.4
5
4.
42
1.
00
2.
07
2.
43
17
.3
8
9.
85
17
.0
2
2.
11
A (d)
9.51
J(5.41)
B (t)
7.05
J(6.72)
C (d)
6.54
J(7.25)
D (t)
6.34
J(7.29)
E (t)
3.14
J(3.45)
F (m)
1.21
G (s)
-8.15
H (s)
-9.43
-9
.4
3
-8
.1
5
1.
19
1.
21
1.
22
3.
13
3.
14
3.
15
6.
32
6.
34
6.
36
6.
53
6.
55
7.
03
7.
05
7.
07
7.
63
7.
63
7.
63
7.
64
7.
65
7.
65
7.
67
7.
67
7.
67
9.
50
9.
52
-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-101234567891011
H1 (ppm)
26
.0
1
76
.3
2
2.
00
71
4.
07
36
4.
61
2.
18
A (d)
9.32
J(5.65)
B (t)
-9.43
J(9.78)
C (t)
-19.53
J(8.78)
D (t)
-8.19
J(14.92)
-1
9.
55
-1
9.
53
-1
9.
50
-9
.4
5
-9
.4
3
-9
.4
0
-8
.2
3
-8
.1
9
-8
.1
5
9.
31
9.
32
 124 
Synthesis of [(tBu4PCP)Ir(H)(pyridine)][BArF4] (3) 
In an argon glovebox, 0.050 g (0.0802 mmol) of (tBu4PCP)Ir(H)(Cl) (2) and 0.064 g 
(0.0802 mmol) of NaBArF4 were added to a 20 mL vial with 2 mL of CH2Cl2.  The 
reaction mixture took on a bright orange color with some undissolved white solids.  Next 
6.5 µL of pyridine (0.0810) mmol) were added via syringe.  The vial was shaken to stir 
the reaction mixture and dissolve all of the components. Upon addition of pyridine, the 
solution became homogenous and began to lighten to an orange/yellow color.  Within a 
few minutes, the precipitation of clear solids was observed.  This solution was allowed to 
react overnight at room temperature.  The mixture was then filtered into a tared 20mL 
vial and layered with 15 mL of pentane.  Over the course of 48 hours, a large amount of 
deep red crystals were observed.  The light orange mother liquor was decanted away and 
the resulting crop of crystals (0.1009 g 87% yield) were allowed to dry.  1H NMR 
(CD2Cl2,600 MHz): δ 8.91 (d, J = 5.38 Hz, 2H, pyridine), 7.92 (t, J = 7.74 Hz, 1H, 
pyridine), 7.72 (broad s, 8H, BArF4), 7.56 (broad s, 4H, BArF4), 7.54 (d, J = 7.31 Hz 2H, 
pyridine), 7.12 (d, J = 7.41 Hz, 2H, aryl backbone), 6.90 (t, J = 7.53 Hz, 1H, aryl 
backbone), 3.52 (m, 4H, methylene linker), 1.11 (m, 36H, tBu), -43.57 (broad s, 1H, 
hydride). 31P{1H} NMR (CD2Cl2, 243 MHz): δ 64.36. 
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Figure 4.11 1H NMR Spectrum of [(tBu4PCP)Ir(H)(pyridine)][BArF4] (3) 
 
Figure 4.12 31P{1H} NMR Spectrum of [(tBu4PCP)Ir(H)(pyridine)][BArF4] (3) 
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Synthesis of [(tBu4PCP)Ir(H)(2,6-lutidine)][BArF4] (4) 
In an argon glovebox, 0.0492 g (0.0791 mmol) of (tBu4PCP)Ir(H)(Cl) (2) and 0.064 g 
(0.0810 mmol) of NaBArF4 were added to a 20 mL vial with 2 mL of CH2Cl2.  The 
reaction mixture took on a bright orange color with some undissolved white solids.  Next 
9.31 µL of 2,6-lutidine were added via syringe.  The vial was shaken to stir the reaction 
mixture and dissolve all of the components. Upon addition of 2,6-lutidine, the solution 
became homogenous and began to lighten to an orange/yellow color.  Within a few 
minutes, the precipitation of clear solids was observed.  This solution was allowed to 
react overnight at room temperature.  The mixture was then filtered into a tared 20 mL 
vial and layered with 15 mL of pentane.  Over the course of 48 hours, a large amount of 
orange crystals were observed.  The light orange/pale mother liquor was decanted away 
and the resulting crop of crystals (0.1020 g 88% yield) were allowed to dry.  1H NMR 
(CD2Cl2,600 MHz): δ 7.75 (t, J = 7.83 Hz, 1H, lutidine), 7.72 (broad s, 8H, BArF4), 7.56 
(broad s, 4H, BArF4), 7.26 (d, J = 7.79 Hz 1H, lutidine), 7.01 (d, J = 7.71 Hz, 1H, 
lutidine), 6.95 (d, J = 7.39 Hz, 2H, aryl backbone), 6.87 (t, J = 7.38 Hz, 1H, aryl 
backbone), 3.40 (m, 4H, methylene linker), 2.28 (s, 3H, lutidine methyl), 1.71 (s, 3H, 
lutidine methyl) 1.23 (t, J = 6.71 Hz 18H, tBu), 1.07 (t, J = 6.66 Hz, 18H, tBu), -31.40 (t, 
J = 14.54, Hz 1H, hydride). 31P{1H} NMR (CD2Cl2, 243 MHz): δ 63.37. 
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Figure 4.13 1H NMR Spectrum of [(tBu4PCP)Ir(H)(2,6-lutidine)][BArF4] (4) 
 
Figure 4.14 31P{1H} NMR Spectrum [(tBu4PCP)Ir(H)(2,6-lutidine)][BArF4] (4) 
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Synthesis of [(tBu4PCP)Ir(H)(2-ethylpyridine)][BArF4] (5) 
In an argon glovebox, 0.0101 g (0.0162 mmol) of (tBu4PCP)Ir(H)(Cl) (2) and 0.0134 g 
(0.0168 mmol) of NaBArF4 were added to a 4 mL vial with 2 mL of CD2Cl2.  The 
reaction mixture took on a bright orange color with some undissolved white solids.  Next, 
2.5 µL of 2-ethylpyridine (0.022 mmol) were added via syringe.  The vial was shaken to 
stir the reaction mixture and dissolve all of the components. Upon addition of 2-
ethylpyridine, the solution became homogenous and began to lighten to an orange color. 
Within a few minutes, the precipitation of clear solids was observed.  This solution was 
allowed to react overnight at room temperature.  The mixture was then filtered into a J 
Young tube for charterization. (95% yield by NMR for two 2-ethylpyridine isomers) 
 
Figure 4.15 1H NMR Spectrum, [(tBu4PCP)Ir(H)(2-ethylpyridine)][BArF4] (5) 
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Synthesis of [(tBu4PCP)Ir(H)(2-phenylpyridine)][BArF4] (6) 
In an argon glovebox, 0.0503 g (0.0808 mmol) of (tBu4PCP)Ir(H)(Cl) (2) and 0.065 g 
(0.0816 mmol) of NaBArF4 were added to a 20 mL vial with 2.5 mL of CH2Cl2.  The 
reaction mixture took on a dark red orange color with some undissolved white solids.  
Next, 11.5 µL of 2-phenylpyridine were added via Hamilton syringe.  The vial was 
shaken to stir the reaction mixture and dissolve all of the components.  The solution 
lightened to a bright orange color.  Within a few minutes, the precipitation of clear solids 
was observed.  This solution was allowed to react overnight at room temperature.  The 
mixture was then filtered into a tared 20mL vial and the resulting homogenous solution 
was layered with 15 mL of pentane.  Over the course of 24 hours, a large amount of 
orange crystals were observed, while solution remained orange in color, 5 additional mL 
of pentane were added.  After an additional 24 hours, the light orange mother liquor was 
decanted away and the resulting crop of yellow/orange crystals (0.1050 g 86% yield) 
were allowed to dry.  1H NMR (CD2Cl2,600 MHz): δ 8.19 (d, J = 5.43 Hz, 1H), 7.97 (t, J 
= 6.95 Hz, 1H), 7.95 (m, 1H), 7.86 (m Hz, 1H),  7.74 (broad s, 8H, BArF4), 7.55 (broad s, 
4H, BArF4), 7.48 (t, J = 7.21 Hz 1H), 7.33 (t, J = 6.82 Hz, 1H), 7.02 (d, J = 7.44 Hz, 2H, 
aryl backbone), 6.95 (t, J = 7.50 Hz, 1H, aryl backbone), 3.19 (m, 4H, methylene linker), 
1.13 (t, J = 7.04 Hz 18H, tBu), 0.70 (t, J = 6.52 Hz, 18H, tBu), -20.14 (s, 1H, hydride). 
31P{1H} NMR (CD2Cl2, 243 MHz): δ 53.97. 
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Figure 4.16 1H NMR Spectrum of [(tBu4PCP)Ir(H)(2-phenylpyridine)][BArF4] 
(6) 
 
Figure 4.17 31P{1H} NMR Spectrum of [(tBu4PCP)Ir(H)(2-
phenylpyridine)][BArF4] (6) 
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General procedures for reactions between cationic hydrides and DBU.  
 For reactions between cationic hydride species 3-6, 5-10 mg of the iridium 
complex were added to a 4 mL vial, 1-2 mL of solvent were then added the contents of 
the vial were mixed to dissolve the cationic hydride complex.  Next, one equivalent of 
DBU was added via syringe.  Reactions were then transferred to J Young tubes to be 
monitored by 1H and 31P NMR spectroscopy.  In the case of protio solvents being used, 
31P NMR spectroscopy and the hydride region of the 1H spectra provided the most useful 
information on reaction progress.  After acquiring initial spectra, reactions were allowed 
to proceed at room temperature and were monitored over time.  Reactions were worked 
up by evaporation of the reaction solvent and extraction with pentane. The resulting 
pentane solutions were filtered to remove any insoluble BArF4 salts.  These pentane 
solutions were then evaporated to dryness and the resulting residues were reconstituted in 
deutero solvents to collect additional 1H and 31P NMR spectra.  
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Crystallographic Details Single-crystal X-ray diffraction of 3, 5 and 6 were collected on 
a Bruker APEX-II CCD diffractometer. The crystals was kept at 100 K during data 
collection. The frames were integrated with the Bruker SAINT© software in APEX II. A 
numerical absorption correction was used, and the structure was solved by direct methods 
using the SHELXTL software suite. Final structural refinement was performed with the 
SHELXL refinement program in Olex2 using Least Squares minimization.16 
 
 
Figure 4.18 Structure of 3 with Atom Labels  
Table 4.1 Crystal Data for 3 
Identification code  AW_F_061_0m  
Empirical formula  C61H60BF24IrNP2  
Formula weight  1528.05  
Temperature/K  100.15  
Crystal system  orthorhombic  
Space group  P212121  
a/Å  13.4887(4)  
b/Å  13.4887(4)  
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c/Å  34.6571(12)  
α/°  90  
β/°  90  
γ/°  90  
Volume/Å3  6305.7(3)  
Z  4  
ρcalcg/cm3  1.610  
μ/mm-1  5.573  
F(000)  3044.0  
Crystal size/mm3  0.228 × 0.108 × 0.052  
Radiation  CuKα (λ = 1.54178)  
2Θ range for data collection/°  5.1 to 140.06  
Index ranges  -15 ≤ h ≤ 12, -14 ≤ k ≤ 15, -37 ≤ l ≤ 42  
Reflections collected  30233  
Independent reflections  10561 [Rint = 0.0410, Rsigma = 0.0440]  
Data/restraints/parameters  10561/1176/823  
Goodness-of-fit on F2  1.046  
Final R indexes [I>=2σ (I)]  R1 = 0.0563, wR2 = 0.1390  
Final R indexes [all data]  R1 = 0.0606, wR2 = 0.1426  
Largest diff. peak/hole / e Å-3  2.77/-1.55  
Flack parameter 0.498(4) 
 
Table 4.2 Bond Lengths for 3 
Ir1 P3 2.300(4)   C87 F89 1.305(18) 
Ir1 P4 2.309(4)   C49 C50 1.384(18) 
Ir1 C5 2.090(12)   C49 C54 1.392(16) 
Ir1 N2 2.157(10)   C49 B34 1.671(17) 
P3 C12 1.926(19)   F61 C59 1.239(18) 
P3 C17 1.879(17)   C50 C51 1.398(19) 
P3 C13 1.833(16)   F56 C55 1.35(3) 
P4 C25 1.839(16)   F57 C55 1.32(3) 
P4 C11 1.923(18)   C51 C55 1.48(2) 
P4 C21 1.890(18)   C51 C52 1.39(2) 
C5 C10 1.35(2)   C55 F58 1.26(2) 
C5 C6 1.36(2)   F60 C59 1.37(2) 
C31 C32 1.34(3)   C52 C53 1.37(2) 
C31 C30 1.33(3)   C53 C54 1.370(17) 
C12 C10 1.57(3)   C53 C59 1.505(18) 
C17 C18 1.53(2)   F62 C59 1.254(18) 
C17 C19 1.50(3)   C35 C36 1.398(18) 
C17 C20 1.46(3)   C35 C40 1.398(16) 
C10 C9 1.41(2)   C35 B34 1.634(17) 
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C33 C32 1.40(2)   C36 C37 1.396(19) 
C33 N2 1.33(2)   F42 C41 1.31(3) 
C25 C27 1.51(3)   C41 F43 1.26(2) 
C25 C28 1.48(3)   C41 F44 1.36(3) 
C25 C26 1.59(3)   C41 C37 1.48(2) 
C11 C6 1.55(3)   C38 C37 1.36(2) 
C13 C16 1.58(3)   C38 C39 1.39(2) 
C13 C14 1.49(3)   C40 C39 1.378(17) 
C13 C15 1.50(2)   C39 C45 1.508(18) 
C29 N2 1.33(2)   C8 C9 1.31(3) 
C29 C30 1.38(3)   C8 C7 1.32(3) 
C6 C7 1.41(2)   B34 C63 1.647(15) 
C21 C24 1.54(3)   C63 C64 1.416(14) 
C21 C22 1.46(3)   C63 C68 1.409(15) 
C21 C23 1.51(3)   C64 C65 1.375(15) 
F88 C87 1.319(16)   C68 C67 1.383(17) 
F85 C83 1.35(2)   F75 C73 1.34(2) 
C79 C83 1.518(17)   C67 C66 1.396(17) 
C79 C80 1.390(17)   C67 C69 1.501(17) 
C79 C78 1.383(16)   C66 C65 1.406(17) 
C77 C78 1.402(15)   F71 C69 1.305(18) 
C77 C82 1.394(15)   C65 C73 1.517(17) 
C77 B34 1.641(14)   C73 F76 1.317(17) 
F84 C83 1.29(2)   C73 F74 1.29(2) 
C83 F86 1.324(17)   F46 C45 1.260(18) 
C80 C81 1.383(16)   C69 F72 1.319(18) 
C81 C87 1.501(18)   C69 F70 1.315(16) 
C81 C82 1.393(16)   F48 C45 1.36(2) 
C87 F90 1.331(18)   C45 F47 1.248(19) 
 
Table 4.3 Bond Angles for 3 
P3 Ir1 P4 166.6(2)   C54 C49 B34 121.8(11) 
C5 Ir1 P3 83.3(4)   C49 C50 C51 123.1(13) 
C5 Ir1 P4 83.3(4)   C50 C51 C55 119.7(14) 
C5 Ir1 N2 179.8(7)   C52 C51 C50 119.6(13) 
N2 Ir1 P3 96.8(3)   C52 C51 C55 120.7(14) 
N2 Ir1 P4 96.5(3)   F56 C55 C51 113.1(19) 
C12 P3 Ir1 99.0(6)   F57 C55 F56 97.9(17) 
C17 P3 Ir1 116.8(5)   F57 C55 C51 112.8(19) 
C17 P3 C12 102.7(8)   F58 C55 F56 108(2) 
C13 P3 Ir1 118.2(6)   F58 C55 F57 108(2) 
C13 P3 C12 102.1(9)   F58 C55 C51 115.0(17) 
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C13 P3 C17 113.9(9)   C53 C52 C51 118.0(12) 
C25 P4 Ir1 118.0(7)   C52 C53 C54 121.4(12) 
C25 P4 C11 101.8(9)   C52 C53 C59 119.5(12) 
C25 P4 C21 114.3(9)   C54 C53 C59 119.1(13) 
C11 P4 Ir1 98.9(6)   C53 C54 C49 123.0(12) 
C21 P4 Ir1 116.9(6)   F61 C59 F60 99.1(16) 
C21 P4 C11 102.7(8)   F61 C59 C53 117.0(13) 
C10 C5 Ir1 121.3(11)   F61 C59 F62 116.0(15) 
C10 C5 C6 118.1(13)   F60 C59 C53 108.3(13) 
C6 C5 Ir1 120.5(11)   F62 C59 F60 97.7(16) 
C30 C31 C32 117.8(16)   F62 C59 C53 114.9(14) 
C10 C12 P3 106.9(12)   C36 C35 B34 123.1(10) 
C18 C17 P3 114.7(13)   C40 C35 C36 114.8(12) 
C19 C17 P3 108.2(13)   C40 C35 B34 121.8(11) 
C19 C17 C18 106.9(17)   C37 C36 C35 122.2(13) 
C20 C17 P3 106.7(16)   F42 C41 F44 97.9(16) 
C20 C17 C18 107(2)   F42 C41 C37 113.9(19) 
C20 C17 C19 114(2)   F43 C41 F42 107(2) 
C5 C10 C12 118.9(14)   F43 C41 F44 110(2) 
C5 C10 C9 120.3(18)   F43 C41 C37 114.9(17) 
C9 C10 C12 120.8(17)   F44 C41 C37 112.4(18) 
N2 C33 C32 121.0(18)   C37 C38 C39 117.9(13) 
C27 C25 P4 118.3(14)   C36 C37 C41 118.9(14) 
C27 C25 C26 99.7(18)   C38 C37 C36 121.3(13) 
C28 C25 P4 113.1(14)   C38 C37 C41 119.8(14) 
C28 C25 C27 116.4(16)   C39 C40 C35 123.0(12) 
C28 C25 C26 100(2)   C38 C39 C45 120.7(13) 
C26 C25 P4 106.0(13)   C40 C39 C38 120.8(13) 
C6 C11 P4 107.2(11)   C40 C39 C45 118.5(12) 
C16 C13 P3 106.2(13)   C9 C8 C7 118.6(17) 
C14 C13 P3 112.7(14)   C77 B34 C49 112.5(9) 
C14 C13 C16 100(2)   C77 B34 C63 104.5(8) 
C14 C13 C15 115.9(15)   C35 B34 C77 112.9(9) 
C15 C13 P3 118.7(13)   C35 B34 C49 102.6(8) 
C15 C13 C16 99.9(18)   C35 B34 C63 113.6(9) 
N2 C29 C30 122.7(18)   C63 B34 C49 111.0(9) 
C31 C32 C33 121(2)   C8 C9 C10 121(2) 
C5 C6 C11 119.9(14)   C8 C7 C6 122.3(19) 
C5 C6 C7 118.9(19)   C33 N2 Ir1 120.9(10) 
C7 C6 C11 121.1(17)   C29 N2 Ir1 121.8(11) 
C24 C21 P4 114.3(13)   C29 N2 C33 117.2(12) 
C22 C21 P4 105.8(17)   C64 C63 B34 121.5(10) 
C22 C21 C24 108.2(19)   C68 C63 B34 122.8(9) 
C22 C21 C23 113(2)   C68 C63 C64 115.3(10) 
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C23 C21 P4 107.5(13)   C65 C64 C63 123.0(10) 
C23 C21 C24 107.7(18)   C67 C68 C63 122.2(10) 
C80 C79 C83 121.1(11)   C68 C67 C66 121.4(11) 
C78 C79 C83 118.4(11)   C68 C67 C69 120.1(11) 
C78 C79 C80 120.6(10)   C66 C67 C69 118.5(11) 
C78 C77 B34 120.3(10)   C67 C66 C65 117.7(11) 
C82 C77 C78 115.3(10)   C64 C65 C66 120.5(10) 
C82 C77 B34 124.0(9)   C64 C65 C73 118.6(11) 
F85 C83 C79 110.9(12)   C66 C65 C73 120.9(11) 
F84 C83 F85 104.6(13)   F75 C73 C65 111.2(12) 
F84 C83 C79 112.7(14)   F76 C73 F75 105.7(15) 
F84 C83 F86 110.9(14)   F76 C73 C65 111.8(11) 
F86 C83 F85 105.3(15)   F74 C73 F75 104.6(13) 
F86 C83 C79 111.9(11)   F74 C73 C65 111.9(14) 
C81 C80 C79 117.9(10)   F74 C73 F76 111.2(14) 
C79 C78 C77 122.9(10)   F71 C69 C67 111.3(12) 
C80 C81 C87 119.2(10)   F71 C69 F72 107.3(12) 
C80 C81 C82 121.0(11)   F71 C69 F70 106.9(14) 
C82 C81 C87 119.8(11)   F72 C69 C67 112.0(13) 
F88 C87 C81 112.8(11)   F70 C69 C67 112.7(11) 
F88 C87 F90 105.8(12)   F70 C69 F72 106.3(12) 
F90 C87 C81 111.6(13)   F46 C45 C39 113.7(13) 
F89 C87 F88 107.0(14)   F46 C45 F48 98.9(16) 
F89 C87 C81 112.5(11)   F48 C45 C39 109.2(13) 
F89 C87 F90 106.7(12)   F47 C45 C39 116.5(13) 
C81 C82 C77 122.4(10)   F47 C45 F46 115.3(16) 
C50 C49 C54 114.9(12)   F47 C45 F48 100.4(16) 
C50 C49 B34 122.8(10)   C31 C30 C29 120(2) 
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Figure 4.19 Structure of 4 with Atom Labels  
 
Table 4.4 Crystal Data for 4 
Identification code  AW_F_062_0m  
Empirical formula  C63H64BF24IrNP2  
Formula weight  1556.10  
Temperature/K  100.15  
Crystal system  orthorhombic  
Space group  P212121  
a/Å  13.4196(4)  
b/Å  13.4196(4)  
c/Å  35.1697(12)  
α/°  90  
β/°  90  
γ/°  90  
Volume/Å3  6333.6(3)  
Z  4  
ρcalcg/cm3  1.632  
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μ/mm-1  5.560  
F(000)  3108.0  
Crystal size/mm3  0.178 × 0.128 × 0.104  
Radiation  CuKα (λ = 1.54178)  
2Θ range for data collection/°  5.026 to 140.452  
Index ranges  -16 ≤ h ≤ 15, -15 ≤ k ≤ 13, -42 ≤ l ≤ 41  
Reflections collected  46068  
Independent reflections  11596 [Rint = 0.0696, Rsigma = 0.0696]  
Data/restraints/parameters  11596/890/918  
Goodness-of-fit on F2  1.045  
Final R indexes [I>=2σ (I)]  R1 = 0.0512, wR2 = 0.1114  
Final R indexes [all data]  R1 = 0.0600, wR2 = 0.1155  
Largest diff. peak/hole / e Å-3  1.09/-0.86  
Flack parameter 0.473(5) 
 
Table 4.5 Bond Lengths for 4  
Ir1 P5 2.349(3)   C86 B44 1.635(14) 
Ir1 P4 2.348(3)   C5CA C63 1.402(13) 
Ir1 C6 2.073(11)   C5CA B44 1.629(12) 
Ir1 N3 2.18(3)   C5CA C59 1.394(13) 
Ir1 N2 2.23(3)   F70 C68 1.320(17) 
P5 C26 1.876(12)   C73 C74 1.400(15) 
P5 C13 1.842(14)   C46 C47 1.405(14) 
P5 C22 1.916(14)   F57 C51 1.329(15) 
P4 C14 1.876(12)   C49 C48 1.375(16) 
P4 C12 1.840(13)   C49 C50 1.409(15) 
P4 C18 1.924(15)   C49 C51 1.477(15) 
C9 C8 1.39(2)   F81 C78 1.351(17) 
C9 C10 1.40(2)   C64 F67 1.321(16) 
C11 C10 1.377(18)   C64 F65 1.332(15) 
C11 C12 1.522(17)   C64 C60 1.495(14) 
C11 C6 1.357(18)   C88 C87 1.384(15) 
C7 C13 1.504(18)   C88 C92 1.506(15) 
C7 C8 1.397(18)   C88 C89 1.382(14) 
C7 C6 1.376(17)   C61 C62 1.385(13) 
C14 C16 1.52(2)   C61 C60 1.390(14) 
C14 C15 1.55(2)   F99 C96 1.302(14) 
C14 C17 1.544(19)   F55 C52 1.311(15) 
C26 C27 1.551(16)   C63 C62 1.384(13) 
C26 C29 1.54(2)   C48 C47 1.375(16) 
C26 C28 1.51(2)   C96 F98 1.334(15) 
C18 C20 1.55(2)   C96 C90 1.505(14) 
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C18 C19 1.513(19)   F53 C52 1.34(2) 
C18 C21 1.490(19)   C89 C90 1.406(14) 
C45 C46 1.389(15)   C75 C74 1.393(16) 
C45 C50 1.382(14)   C74 C78 1.490(16) 
C45 B44 1.670(14)   C47 C52 1.501(16) 
F66 C64 1.305(12)   C62 C68 1.496(15) 
F71 C68 1.331(16)   C90 C91 1.374(16) 
F97 C96 1.316(14)   C60 C59 1.393(14) 
C72 C73 1.416(18)   C22 C25 1.50(2) 
C72 C77 1.402(14)   C22 C23 1.487(19) 
C72 B44 1.635(15)   C22 C24 1.55(2) 
F94 C92 1.329(16)   C37 C38 1.52(3) 
F82 C78 1.334(15)   C37 C39 1.35(3) 
F69 C68 1.332(13)   C37 N2 1.35(2) 
F95 C92 1.325(14)   C30 C31 1.54(4) 
F83 C79 1.327(13)   C30 C32 1.36(4) 
F54 C52 1.344(14)   C30 N3 1.34(2) 
F56 C51 1.332(13)   C35 C36 1.46(4) 
F84 C79 1.354(16)   C35 C34 1.37(5) 
F80 C78 1.305(14)   C35 N3 1.37(2) 
C76 C77 1.401(15)   C39 C40 1.39(4) 
C76 C75 1.372(18)   C32 C33 1.31(4) 
C76 C79 1.490(15)   C42 C41 1.31(5) 
F93 C92 1.328(15)   C42 C43 1.50(4) 
F58 C51 1.351(14)   C42 N2 1.37(2) 
F85 C79 1.313(14)   C41 C40 1.33(5) 
C86 C87 1.407(13)   C34 C33 1.41(6) 
C86 C91 1.394(14)         
 
Table 4.6 Bond Angles for 4 
P4 Ir1 P5 157.39(12)   F99 C96 F98 106.6(10) 
C6 Ir1 P5 79.2(4)   F99 C96 C90 112.2(10) 
C6 Ir1 P4 78.2(4)   F98 C96 C90 110.4(10) 
C6 Ir1 N3 175.1(7)   C45 C50 C49 122.1(10) 
C6 Ir1 N2 174.1(7)   C88 C89 C90 117.3(10) 
N3 Ir1 P5 100.0(9)   C76 C75 C74 118.8(11) 
N3 Ir1 P4 102.5(9)   C73 C74 C78 119.7(10) 
N2 Ir1 P5 103.1(8)   C75 C74 C73 120.1(11) 
N2 Ir1 P4 99.4(8)   C75 C74 C78 120.2(10) 
C26 P5 Ir1 121.5(4)   C46 C47 C52 118.7(11) 
C26 P5 C22 111.2(6)   C48 C47 C46 120.5(10) 
C13 P5 Ir1 97.0(4)   C48 C47 C52 120.8(10) 
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C13 P5 C26 104.3(6)   F54 C52 C47 111.0(10) 
C13 P5 C22 102.3(6)   F55 C52 F54 106.6(11) 
C22 P5 Ir1 116.4(5)   F55 C52 F53 108.4(12) 
C14 P4 Ir1 121.3(5)   F55 C52 C47 113.7(12) 
C14 P4 C18 110.8(6)   F53 C52 F54 103.9(12) 
C12 P4 Ir1 97.2(4)   F53 C52 C47 112.6(12) 
C12 P4 C14 104.8(6)   C61 C62 C68 121.1(9) 
C12 P4 C18 102.5(7)   C63 C62 C61 120.4(9) 
C18 P4 Ir1 116.4(5)   C63 C62 C68 118.6(9) 
C8 C9 C10 119.0(12)   C89 C90 C96 118.6(10) 
C10 C11 C12 120.2(12)   C91 C90 C96 121.1(10) 
C6 C11 C10 121.6(13)   C91 C90 C89 120.3(10) 
C6 C11 C12 117.9(11)   F71 C68 F69 106.4(11) 
C8 C7 C13 121.2(12)   F71 C68 C62 111.9(11) 
C6 C7 C13 118.8(11)   F69 C68 C62 112.9(10) 
C6 C7 C8 120.0(13)   F70 C68 F71 106.6(11) 
C16 C14 P4 111.2(9)   F70 C68 F69 106.3(12) 
C16 C14 C15 106.8(15)   F70 C68 C62 112.3(12) 
C16 C14 C17 111.3(13)   C90 C91 C86 124.0(9) 
C15 C14 P4 107.4(9)   F82 C78 F81 103.7(11) 
C17 C14 P4 113.6(10)   F82 C78 C74 112.0(10) 
C17 C14 C15 106.2(13)   F80 C78 F82 107.7(12) 
C27 C26 P5 113.3(9)   F80 C78 F81 106.7(11) 
C29 C26 P5 108.2(10)   F80 C78 C74 114.9(11) 
C29 C26 C27 107.4(12)   F81 C78 C74 110.9(12) 
C28 C26 P5 109.8(9)   F83 C79 F84 105.5(10) 
C28 C26 C27 110.8(13)   F83 C79 C76 113.2(10) 
C28 C26 C29 107.1(14)   F84 C79 C76 112.2(10) 
C7 C13 P5 104.8(7)   F85 C79 F83 107.4(10) 
C9 C8 C7 120.0(14)   F85 C79 F84 105.1(11) 
C11 C10 C9 119.5(14)   F85 C79 C76 112.8(10) 
C11 C12 P4 105.1(7)   F56 C51 F58 105.0(10) 
C20 C18 P4 111.1(11)   F56 C51 C49 113.9(10) 
C19 C18 P4 110.2(11)   F58 C51 C49 112.2(10) 
C19 C18 C20 105.0(14)   F57 C51 F56 107.5(10) 
C21 C18 P4 111.5(11)   F57 C51 F58 104.4(10) 
C21 C18 C20 104.6(14)   F57 C51 C49 113.0(10) 
C21 C18 C19 114.1(14)   C72 B44 C45 103.2(7) 
C46 C45 B44 120.6(9)   C72 B44 C86 111.6(8) 
C50 C45 C46 117.1(10)   C86 B44 C45 111.7(8) 
C50 C45 B44 122.0(9)   C5CA B44 C45 112.6(8) 
C73 C72 B44 120.7(9)   C5CA B44 C72 112.9(8) 
C77 C72 C73 114.6(11)   C5CA B44 C86 105.1(8) 
C77 C72 B44 124.4(11)   C61 C60 C64 120.0(9) 
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C77 C76 C79 118.6(11)   C61 C60 C59 119.4(9) 
C75 C76 C77 120.8(10)   C59 C60 C64 120.6(9) 
C75 C76 C79 120.6(10)   C60 C59 C5CA 123.5(9) 
C87 C86 B44 121.1(8)   C25 C22 P5 109.5(11) 
C91 C86 C87 114.3(9)   C25 C22 C24 105.8(16) 
C91 C86 B44 124.2(9)   C23 C22 P5 112.6(10) 
C63 C5CA B44 121.3(8)   C23 C22 C25 112.5(15) 
C59 C5CA C63 115.1(8)   C23 C22 C24 104.5(14) 
C59 C5CA B44 123.3(8)   C24 C22 P5 111.5(11) 
C74 C73 C72 122.8(11)   C39 C37 C38 122(2) 
C45 C46 C47 121.2(11)   N2 C37 C38 116(2) 
C48 C49 C50 119.6(11)   N2 C37 C39 122(3) 
C48 C49 C51 121.1(10)   C32 C30 C31 123(2) 
C50 C49 C51 119.3(10)   N3 C30 C31 114(2) 
F66 C64 F67 108.1(11)   N3 C30 C32 123(3) 
F66 C64 F65 106.7(10)   C11 C6 Ir1 120.6(10) 
F66 C64 C60 113.6(9)   C11 C6 C7 119.8(11) 
F67 C64 F65 105.9(10)   C7 C6 Ir1 119.4(10) 
F67 C64 C60 112.0(10)   C34 C35 C36 123(2) 
F65 C64 C60 110.2(11)   N3 C35 C36 118(3) 
C76 C77 C72 123.0(11)   N3 C35 C34 119(3) 
C87 C88 C92 118.5(9)   C37 C39 C40 118(3) 
C89 C88 C87 121.2(9)   C33 C32 C30 121(3) 
C89 C88 C92 120.3(10)   C41 C42 C43 124(3) 
C62 C61 C60 119.0(9)   C41 C42 N2 121(3) 
C88 C87 C86 122.9(9)   N2 C42 C43 115(2) 
C62 C63 C5CA 122.8(9)   C42 C41 C40 122(3) 
C47 C48 C49 119.4(10)   C41 C40 C39 119(3) 
F94 C92 C88 112.4(11)   C35 C34 C33 122(3) 
F95 C92 F94 106.4(11)   C32 C33 C34 116(3) 
F95 C92 F93 106.7(12)   C30 N3 Ir1 114.1(18) 
F95 C92 C88 113.3(10)   C30 N3 C35 118(3) 
F93 C92 F94 105.9(11)   C35 N3 Ir1 128(2) 
F93 C92 C88 111.7(11)   C37 N2 Ir1 112.0(17) 
F97 C96 F98 106.7(11)   C37 N2 C42 118(3) 
F97 C96 C90 113.3(9)   C42 N2 Ir1 129.8(19) 
F99 C96 F97 107.4(11)           
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Figure 4.20 Structure of 6 with Atom Labels  
 
Table 4.7 Crystal Data For 6 
Identification code  AW_F_077  
Empirical formula  C67H64BF24IrNP2  
Formula weight  1604.14  
Temperature/K  100.15  
Crystal system  orthorhombic  
Space group  P212121  
a/Å  13.3252(3)  
b/Å  13.3891(3)  
c/Å  37.2399(9)  
α/°  90  
β/°  90  
γ/°  90  
Volume/Å3  6644.1(3)  
Z  4  
ρcalcg/cm3  1.604  
μ/mm-1  5.322  
F(000)  3204.0  
Crystal size/mm3  0.124 × 0.08 × 0.064  
Radiation  CuKα (λ = 1.54178)  
2Θ range for data collection/°  4.746 to 140.256  
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Index ranges  -16 ≤ h ≤ 16, -16 ≤ k ≤ 13, -45 ≤ l ≤ 45  
Reflections collected  61902  
Independent reflections  12538 [Rint = 0.0441, Rsigma = 0.0468]  
Data/restraints/parameters  12538/0/877  
Goodness-of-fit on F2  1.017  
Final R indexes [I>=2σ (I)]  R1 = 0.0313, wR2 = 0.0685  
Final R indexes [all data]  R1 = 0.0343, wR2 = 0.0698  
Largest diff. peak/hole / e Å-3  0.80/-0.76  
Flack parameter 0.004(3) 
 
Table 4.8 Bond Lengths for 6 
Ir1 P4 2.3648(15)   F77 C75 1.305(8) 
Ir1 N2 2.191(5)   C85 C86 1.388(9) 
Ir1 C5 2.035(6)   C85 C89 1.492(8) 
Ir1 P3 2.3446(16)   C24 C21 1.549(8) 
P4 C25 1.897(7)   C45 C44 1.390(8) 
P4 C21 1.877(6)   C45 C51 1.509(8) 
P4 C12 1.835(6)   C61 C57 1.502(8) 
F62 C61 1.328(7)   C86 C87 1.393(8) 
F48 C47 1.328(8)   C22 C21 1.529(10) 
F50 C47 1.348(7)   C42 C41 1.403(7) 
F94 C93 1.330(7)   C31 C32 1.376(10) 
N2 C29 1.356(8)   C27 C25 1.545(10) 
N2 C33 1.340(8)   C83 B40 1.631(8) 
F64 C61 1.331(7)   C89 F92 1.299(8) 
F63 C61 1.341(8)   C89 F90 1.287(8) 
C93 F95 1.348(8)   C60 C55 1.407(8) 
C93 F96 1.344(7)   C60 C59 1.386(8) 
C93 C87 1.498(8)   C6 C12 1.500(9) 
C69 C74 1.390(7)   C6 C7 1.401(9) 
C69 C70 1.397(7)   C75 F78 1.282(8) 
C69 B40 1.645(7)   C28 C25 1.551(9) 
C46 C45 1.377(8)   C33 C32 1.376(9) 
C46 C41 1.403(7)   C55 B40 1.638(7) 
F76 C75 1.334(9)   C41 B40 1.639(8) 
C71 C72 1.392(8)   C39 C38 1.379(10) 
C71 C70 1.386(8)   C25 C26 1.527(9) 
C71 C79 1.498(9)   C51 F54 1.320(8) 
C58 C57 1.389(9)   C51 F53 1.244(9) 
C58 C59 1.386(8)   C51 F52 1.281(9) 
C72 C73 1.384(8)   C21 C23 1.548(9) 
C43 C47 1.492(8)   C9 C8 1.383(10) 
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C43 C42 1.393(8)   C38 C37 1.377(11) 
C43 C44 1.393(8)   C36 C37 1.405(9) 
C84 C85 1.395(8)   C36 C35 1.380(9) 
C84 C83 1.403(7)   C59 C65 1.511(8) 
C5 C10 1.401(8)   C11 P3 1.835(6) 
C5 C6 1.389(9)   F66 C65 1.337(8) 
F91 C89 1.315(8)   F80 C79 1.316(9) 
C73 C74 1.404(8)   F68 C65 1.310(7) 
C73 C75 1.489(9)   F67 C65 1.304(8) 
C29 C34 1.472(9)   C16 C13 1.539(9) 
C29 C30 1.397(8)   C8 C7 1.385(10) 
C10 C9 1.378(9)   C14 C13 1.542(9) 
C10 C11 1.520(9)   C17 C19 1.533(9) 
C88 C87 1.388(8)   C17 C18 1.553(9) 
C88 C83 1.394(8)   C17 C20 1.533(10) 
C34 C39 1.400(9)   C17 P3 1.889(7) 
C34 C35 1.394(9)   C13 C15 1.532(9) 
C30 C31 1.378(10)   C13 P3 1.890(6) 
C56 C55 1.389(8)   C79 F81 1.226(11) 
C56 C57 1.400(8)   C79 F82 1.330(12) 
C47 F49 1.340(7)        
 
Table 4.9 Bond Angles for 6 
N2 Ir1 P4 99.07(13)   C59 C60 C55 121.7(5) 
N2 Ir1 P3 96.75(13)   C5 C6 C12 119.1(6) 
C5 Ir1 P4 82.08(17)   C5 C6 C7 119.6(6) 
C5 Ir1 N2 99.0(2)   C7 C6 C12 121.2(6) 
C5 Ir1 P3 80.47(17)   F76 C75 C73 112.6(6) 
P3 Ir1 P4 158.02(5)   F77 C75 F76 102.7(6) 
C25 P4 Ir1 120.6(2)   F77 C75 C73 113.0(6) 
C21 P4 Ir1 116.7(2)   F78 C75 F76 105.3(7) 
C21 P4 C25 110.5(3)   F78 C75 C73 113.6(6) 
C12 P4 Ir1 98.0(2)   F78 C75 F77 108.9(7) 
C12 P4 C25 103.3(3)   N2 C33 C32 123.6(7) 
C12 P4 C21 104.5(3)   C33 C32 C31 118.0(7) 
C29 N2 Ir1 118.3(4)   C56 C55 C60 116.1(5) 
C33 N2 Ir1 123.3(4)   C56 C55 B40 124.7(5) 
C33 N2 C29 118.4(5)   C60 C55 B40 118.8(5) 
F94 C93 F95 106.5(5)   C46 C41 C42 115.0(5) 
F94 C93 F96 106.9(5)   C46 C41 B40 123.6(5) 
F94 C93 C87 113.4(5)   C42 C41 B40 121.2(5) 
F95 C93 C87 111.2(5)   C38 C39 C34 120.2(7) 
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F96 C93 F95 106.0(6)   C27 C25 P4 107.9(4) 
F96 C93 C87 112.3(5)   C27 C25 C28 106.9(6) 
C74 C69 C70 115.3(5)   C28 C25 P4 113.1(5) 
C74 C69 B40 123.3(5)   C26 C25 P4 112.0(5) 
C70 C69 B40 120.9(5)   C26 C25 C27 107.8(6) 
C45 C46 C41 122.7(5)   C26 C25 C28 108.9(6) 
C72 C71 C79 119.4(6)   F54 C51 C45 112.1(6) 
C70 C71 C72 121.1(5)   F53 C51 C45 115.2(6) 
C70 C71 C79 119.5(6)   F53 C51 F54 106.8(7) 
C59 C58 C57 117.5(5)   F53 C51 F52 108.0(8) 
C73 C72 C71 118.4(5)   F52 C51 C45 112.7(6) 
C42 C43 C47 118.9(5)   F52 C51 F54 100.9(7) 
C42 C43 C44 120.9(5)   C24 C21 P4 113.3(5) 
C44 C43 C47 120.2(5)   C22 C21 P4 108.7(4) 
C85 C84 C83 122.8(6)   C22 C21 C24 106.6(5) 
C10 C5 Ir1 120.4(5)   C22 C21 C23 108.7(6) 
C6 C5 Ir1 120.5(5)   C23 C21 P4 110.7(4) 
C6 C5 C10 119.1(6)   C23 C21 C24 108.7(5) 
C72 C73 C74 119.3(6)   C58 C57 C56 120.9(6) 
C72 C73 C75 121.3(6)   C58 C57 C61 120.4(5) 
C74 C73 C75 119.3(6)   C56 C57 C61 118.6(5) 
N2 C29 C34 117.3(5)   C10 C9 C8 120.3(6) 
N2 C29 C30 120.7(6)   C83 B40 C69 113.3(5) 
C30 C29 C34 122.0(6)   C83 B40 C55 103.2(4) 
C5 C10 C11 118.1(5)   C83 B40 C41 113.1(4) 
C9 C10 C5 120.7(6)   C55 B40 C69 113.7(4) 
C9 C10 C11 121.0(6)   C55 B40 C41 110.8(4) 
C87 C88 C83 123.4(6)   C41 B40 C69 103.0(4) 
C39 C34 C29 120.4(6)   C37 C38 C39 121.8(7) 
C35 C34 C29 121.9(5)   C6 C12 P4 108.4(4) 
C35 C34 C39 117.6(6)   C35 C36 C37 119.1(7) 
C31 C30 C29 119.2(6)   C58 C59 C65 118.4(5) 
C55 C56 C57 122.2(6)   C60 C59 C58 121.6(5) 
F48 C47 F50 105.6(5)   C60 C59 C65 120.1(5) 
F48 C47 C43 112.9(5)   C10 C11 P3 107.4(4) 
F48 C47 F49 106.5(5)   C38 C37 C36 118.9(6) 
F50 C47 C43 111.9(5)   C36 C35 C34 122.3(6) 
F49 C47 F50 106.3(5)   F66 C65 C59 112.2(6) 
F49 C47 C43 113.0(5)   F68 C65 C59 113.2(5) 
C84 C85 C89 120.7(6)   F68 C65 F66 103.8(5) 
C86 C85 C84 120.3(6)   F67 C65 C59 113.4(5) 
C86 C85 C89 119.0(6)   F67 C65 F66 104.4(5) 
C69 C74 C73 123.5(5)   F67 C65 F68 109.1(7) 
C46 C45 C44 121.6(6)   C9 C8 C7 119.7(6) 
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C46 C45 C51 119.9(6)   C19 C17 C18 106.6(5) 
C44 C45 C51 118.4(6)   C19 C17 P3 108.5(5) 
F62 C61 F64 108.8(6)   C18 C17 P3 112.5(5) 
F62 C61 F63 105.2(5)   C20 C17 C19 107.3(6) 
F62 C61 C57 112.5(5)   C20 C17 C18 109.9(6) 
F64 C61 F63 105.1(5)   C20 C17 P3 111.8(5) 
F64 C61 C57 112.5(5)   C16 C13 C14 108.0(5) 
F63 C61 C57 112.3(6)   C16 C13 P3 110.1(4) 
C85 C86 C87 118.3(5)   C14 C13 P3 109.1(4) 
C88 C87 C93 119.1(5)   C15 C13 C16 108.8(6) 
C88 C87 C86 120.1(6)   C15 C13 C14 107.5(5) 
C86 C87 C93 120.8(5)   C15 C13 P3 113.1(5) 
C43 C42 C41 122.6(5)   F80 C79 C71 113.8(6) 
C45 C44 C43 117.2(5)   F80 C79 F82 100.4(7) 
C32 C31 C30 119.9(6)   F81 C79 C71 115.9(7) 
C71 C70 C69 122.3(5)   F81 C79 F80 109.1(9) 
C84 C83 B40 122.7(5)   F81 C79 F82 104.3(9) 
C88 C83 C84 115.0(5)   F82 C79 C71 111.9(8) 
C88 C83 B40 121.6(5)   C8 C7 C6 120.5(7) 
F91 C89 C85 113.0(6)   C11 P3 Ir1 98.26(19) 
F92 C89 F91 103.4(6)   C11 P3 C17 103.9(3) 
F92 C89 C85 112.5(6)   C11 P3 C13 107.3(3) 
F90 C89 F91 105.5(7)   C17 P3 Ir1 123.2(2) 
F90 C89 C85 113.9(6)   C17 P3 C13 109.7(3) 
F90 C89 F92 107.8(8)   C13 P3 Ir1 112.3(2) 
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